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Abstract

Objective: This cross-sectional study aimed to characterize the soft
tissue around healthy implants and compare it with the soft tissue of
healthy natural teeth.

Materials and Methods: A split-mouth cross-sectional study
involving 66 maxillary anterior implants and teeth was conducted.
Outcome measures included the following: Papilla dimensions and
distance to the contact point, soft tissue thickness, Keratinized tissue
(KT) width, CIELAB color values, blood flow as measured via
ultrasonographic power and perfusion, buccal bone thickness, and
descriptive results such as stippling, contour, form, and texture (IRB:
HUMO00194618).

Results: When compared to the contralateral healthy teeth, implants
exhibited statistically significant differences (SSD) with regards to
having thicker buccal soft tissues. Additionally, the free gingival
margin of implants exhibited statistical significance in a* hue changes
(along the red-green axis) in correlation with soft tissue thickness. Data
suggested a linear relationship between individual CIELAB L*a*b*
values and soft tissue thickness. All other outcome measures showed
no statistically significant differences.

Conclusions: One of the primary findings of this study suggests that
soft tissue color is influenced in a linear fashion with increasing tissue
thickness, regardless of whether it is an implant or tooth site. This may

have implications regarding esthetic changes after soft tissue grafting.
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Introduction

The healthy gingiva of teeth often expresses the following characteristics: knife-edged
marginal gingiva; coral pink in color; pointed papillae filling the interproximal space;
moderately scalloped contours following the underlying bone; firm; resilient with stippled
surface; well demarcated mucogingival junction; no bleeding or exudate; and tightly adapting
around the necks of the teeth (Gargiulo et al., 1961; Highfield, 2009). It has been suggested
that the presence of a healthy gingiva is essential for preventing gingival recession and
maintaining levels of connective tissue attachment (Afshar-Mohajer & Stahl, 1977).
Histologically, the gingiva is attached to the tooth surface at the dento-gingival junction
(Gargiulo et al., 1961), which is composed of junctional epithelium (JE), supra-crestal
connective tissue (CT) fibers, and the tooth. The junctional epithelium and CT together are
known as biologic width (now termed supracrestal tissue attachment (Jepsen et al., 2018), and
the biologic width must remain intact or the gingiva will appear cyanotic and not heal even

with best plaque control (Armitage et al., 1977).

Likewise, a variety of clinical and radiographic parameters have been identified to
evaluate long-term success of implants (Albrektsson et al., 1986; Benic et al., 2012; Souza et
al., 2016). These factors are: (i) the biologic width (now termed supracrestal tissue adhesion)
(Jepsen et al., 2018), (ii) the papilla height and the soft-tissue level (mucosal margin) on the
buccal side of the implant, (iii) the amount of soft-tissue volume, (iv) the amount of

keratinized tissue, and (v) the phenotype of the mucosa.



The presence of infection or inflammation causes changes in the appearance of
gingival soft tissue. Muhlemann et al. 1971 (Miihlemann & Son, 1971) indicated the clinical
signs of gingival inflammation as enlarged gingival contours due to edema or fibrosis, color
transition to a red or bluish-red hue, elevated sulcular temperature (Haffajee et al., 1992),
bleeding on probing (BOP) (Loe & Wright, 1965), and increase in the gingival exudates.
However, the intensity of the clinical signs and symptoms of gingivitis will vary between
individuals (Tatakis & Trombelli, 2004). Histopathologic changes include proliferation of
basal junctional epithelium leading to apical and lateral cell migration, vasculitis of blood
vessels adjacent to the JE, and progressive destruction of the collagen fiber network
(Highfield, 2009). Peri-implant health is identified as the absence of erythema, BOP,
swelling, and suppuration. Periodontal health is defined as intact periodontium with absence
of BOP, erythema, edema, and absence of clinical attachment loss and bone loss.

The color of underlying hard tissue of the natural teeth can affect the color of the
gingiva. A tooth that has been endodontically treated might display blueish and grayish
discoloration of the gingiva (Michalakis et al., 2004), and grayish discoloration of the gingiva
could be resulted from metallic inter-radicular posts (Hunter, 1987). According to Ferrari et
al. (Ferrari et al., 2017), the color of the implant abutment has no effect on the color of the
mucosa that surrounds the implant, but the implant phenotype, which is the thickness of the
peri-implant mucosa from the buccal side, is believed to be responsible for the soft tissue
color around implants (Jung et al., 2008). Kleinhein et al. (Kleinheinz et al., 2005) suggested
that the color of soft tissues around the implant is related to the thickness of the keratinized
epithelium, the quantity of blood vessels, and the quality and density of the collagen fibers.

Furthermore, it has been speculated that peri-implant mucosa is more translucent than



gingival tissues because of reduced vascularization (Abrahamsson et al., 1998; Jun et al.,
2013).

The gingival phenotype (old name - biotype) is one of the factors related to
periodontal health and treatment success. In 1969, Ochsenbein and Ross indicated that there
were two main types of gingiva morphology (Ochsenbein & Ross, 1969), namely the
scalloped and thin or flat and thick gingiva. (Cortellini & Bissada, 2018) According to a
recent study that used previously reported parameters, "biotypes" can be classified into three
categories. The first category is the thin scalloped biotype, which is associated with a slender
triangular crown, subtle cervical convexity, interproximal contacts close to the incisal edge, a
narrow zone of KT, clear thin delicate gingiva, and a relatively thin alveolar bone. The
second category is the thick flat biotype, which is characterized by square-shaped tooth
crowns, pronounced cervical convexity, large interproximal contact located more apically, a
broad zone of KT, thick, fibrotic gingiva, and a comparatively thick alveolar bone. Finally,
the third category is the thick scalloped biotype, which exhibits a thick fibrotic gingiva,
slender teeth, narrow zone of KT, and a pronounced gingival scalloping (Caton et al., 2018;
Zweers et al., 2014). The gingival phenotype has been linked to the long-term stability of
periodontal health. Different methods to quantify the gingival phenotype have been described
(Miiller et al., 1999): (1) transgingival method (currently known as the gold standard), which
comprises the insertion of an anesthetic needle until bone tissue or a tooth is reached
presenting resistance to continued insertion; (2) Photography or visual examination where
biotype is empirically classified as thin or thick; (3) Periodontal probing and the resulting
transparency of the surrounding tissues that may allow for the visualization of the probe in

thin phenotypes or may not when thicker phenotypes are present. (4) Real-time



ultrasonography has been a valuable diagnostic tool in the medical field for several decades.
One of the most notable benefits of ultrasound is its ability to assess dynamic tissue perfusion
noninvasively and instantaneously, indicating the degree of inflammation through color flow
ultrasonography. This property has made it a popular choice in the medical field, including
oral pathology. Ultrasound devices have been used to visualize and characterize the
epithelium and connective tissue's thickness, echotexture, and pathological changes
(Barootchi et al., 2022; Izzetti et al., 2021).

An intact interproximal papilla is a critical issue to clinicians, especially when it is
between the maxillary central incisors (often termed the central papilla)(Tarnow et al.,
1992). Due to its complex physiology, the central papilla either takes the shape of a pyramid
or as a slight gingival col, depending on the location of the contact area and the height of the
gingiva (Zetu & Wang, 2005). The presence, shape, size, and health of
the central papilla affect the appearance of an individual (Chang, 2007) and hence the
patient’s satisfaction, so it is important to understand the factors that might affect the
interproximal papilla integrity when placing an implant or when performing periodontal
plastic surgery. Wheeler’s Atlas of Tooth Form (Ash, 1984), described the level of the soft
tissue in a single-implant supported restoration and the contralateral natural tooth, and found
that the facio-lingual root diameter width and the proximal curvature of the cementoenamel
junction can have a positive impact on the maintenance of the mesial papilla height at a
single-implant supported restoration.

Soft tissues around implants have different considerations. It is widely believed that
the ability of the mucosa to maintain the appropriate protection between the oral environment

and implants can have a major impact on the long-term success of implants (Armitage et al.,



1977). Some authors reported that (Highfield, 2009; Souza et al., 2016) in patients with good
oral hygiene, the marginal mucosa around implants was clinically healthy, and not affected
with the absence of keratinized mucosa (KM). Other researchers reported an association
between implant survival and width of KM (Kim et al., 2009; Salvi & Lang, 2004). In regards
of mucogingival junction, researchers have reported tendency of MGJ to maintain its original
position due to the muscular pull and genetic influence after its repositioning during surgery

as described by Ainamo et. al ,1992 (Ainamo et al., 1992).

Statement of the Problem

Many of the aforementioned characteristics (color, texture, contour, consistency,
papilla dimensions and height, stippling, and the width of keratinized mucosa) have been
described for periodontal tissues of the natural tooth; however, few studies have described

these characteristics of the peri-implant mucosa.

Objectives

The aims of this study were: 1) to compare these characteristics of the healthy gingiva
around natural teeth with the appearance of mucosa around healthy implants, using clinical
and photographic methods, including ultrasonography; and 2) to assess if tissue thickness

correlates with the color of the gingiva of teeth and mucosa of implants.



Materials & Methods:
Study design & participants

33 patients with a total of 33 implants and 33 contralateral natural teeth were
included in the study (20 males and 13 females, mean age = 66.5 years). Patients who met
the inclusion and exclusion criteria were recruited through the Department of Periodontics
and Oral Medicine at the University of Michigan, School of Dentistry and signed an
informed consent to allow for participation in clinical examinations and the taking of
pictures. The protocol was approved by the Institutional Review Board (IRB:
HUMO00194618) at the University of Michigan.

Minimum sample size was calculated using the paired y? (Chi square) test in nQuery
Advisor software with level of significance 0.5 and power of 80%. These preliminary
calculations determined that a minimum of 19 implants and 19 healthy teeth were be
needed for the study, which translates to (n=19) subjects. However, as this power
calculation presents only the minimum required subject number, our team has determined
that we will include 33 implants and 33 natural teeth from n=33 subjects, in order to
collect sufficient baseline data to characterize the healthy peri-implant mucosa.

The characteristics of implants included in this study are listed in Supplemental
Figure 6. In total, there were 18 bone level and 15 tissue level implants. Sample clinical

photos of the patient population are included in Figure 22.



Inclusion & Exclusion criteria

Inclusion criteria were as follows: 18+ years of age; non-smoker; received at least
one dental implant and has a corresponding contralateral natural tooth on the same arch;
implant and tooth located in the anterior maxilla (premolar to premolar); healthy
periodontal condition, as determined by absence of BOP (Zucchelli G, 2019). In this
study, we arbitrarily defined periodontal health as a full-mouth BOP score of < 30%.

Exclusion criteria were the following: Undergoing radiotherapy or having a history
of radiotherapy; poor oral hygiene (BOP >30% on the examined arch); uncontrolled
diabetes (HbAlc > 8); having known medical diseases and/or medications known to affect
soft tissue characteristics (e.g., taking medication that may lead to gingival overgrowth;
vesiculobullous diseases; lichen planus; hyperkeratosis associated with occlusal issues or

traumatic oral hygiene habits; amalgam tattoo or adjacent amalgam restorations.

Null Hypotheses

The study was designed as a split-mouth cross-sectional design comparing hard and
soft tissue characteristics of the healthy implant to the contralateral healthy natural tooth.
The null hypothesis had two parts:
1) The peri-implant buccal and interproximal tissues do not differ from the
contralateral natural tooth of the same arch with regards to color, contour, form,
consistency, texture, KTW, papilla dimensions, soft tissue thickness, or buccal bone

thickness.



2) The thickness of the soft tissues is not associated with color changes compared with

thin peri-implant phenotype.

Ultrasonography

An ultrasound imaging device (ZS3, Mindray, Mountain View, CA) with a custom-
built prototype probe (measuring approx. 30 x 18 x 12 mm) was used to collect sagittal
ultrasound slice data at the straight facial, mesial papilla, and distal papilla of the implant
and the contralateral natural tooth. Measurements were conducted by a single operator
(TH) in normal, perfusion, and power modes. Prior to data collection, the operator was
calibrated against a gold standard experienced ultrasound operator (SB). Measurements of
tthe buccal bone thickness, soft tissue thickness, and papilla heights were performed on
normal mode images in Horos software version 3.3.6. Ultrasonographic “power” and
“perfusion” modes were used, to determine the vascular perfusion of the buccal tissues.
Power and perfusion were measured at the straight buccal, mesial papilla, and distal papilla
of each implant and tooth.

Power and perfusion data of the buccal soft tissues was obtained via ultrasonography and
analyzed in Pixel Flux (Version 1.0, Chameleon-Software, Leipzig, Germany). See Figures
1-5 for details.

Clinical measurements were collected by a single clinical examiner (TH). Prior
to collecting clinical data, the examiner was calibrated against a gold-standard faculty
(SS — not an author of the study). The intraclass correlation coefficient (IC C)used to

assess the intra-examiner reliability of probing was 0.99 using a UNC-15 probe (Hu-



Friedy). KTW, papilla-contact distance, crown height, and papilla base distance were

calibrated to an ICC of 0.96 using a 0.10-mm Boley gauge.

Camera and photography specifications

Digital photographs were taken using a Canon EOS 77D fitted with a 100mm
macro lens and Canon MR 14-EX II ring lite macro flash. Shutter speed was set to
1/80, Aperture (F) of 25, ISO 400, Exposure 0, Color mode: Faithful, color
adjustment: Flash, Image quality: Large + RAW, and magnification 1:2. In order to
ensure the most accurate color readings, it was necessary to eliminate glare from soft
tissue reflections. For this reason, cross-polarized photography was conducted by
attaching the Polar Eyes polarizing filter to the macro lens; to compensate for the
reduced light flow through the lens, the ISO was adjusted to 1600 for all cross-
polarized images. Color standardization of photos was performed using the
ColorChecker Classic Nano color calibration card.

Camera RAW files were converted from CR2 to DNG (digital negative) format
via the Adobe DNG Converter software (Supplemental Figure 1 and 2). Photos were
then color standardized by processing the images with the ColorChecker Classic Nano
card through the software “ColorChecker Camera Calibration.” (Supplemental Figure
3).

Color data was extracted from predefined zones of implants and teeth using 2x2

mm selections in Photoshop. Zones were defined as follows: The free gingival/mucosal
margin zone was defined as a 2x2 mm Photoshop selection measured from the free

margin. The attached gingiva / supracrestal tissue adhesion was measured as a 2x2 mm



selection from the sulcus depth and extending apically. The mucogingival junction zone
was a 2x2 mm selection centered around the mucogingival junction. Lastly, the 2x2
mm mucosa zone was located apical to the mucogingival junction within the mucosal
tissues. Image scale for the 2x2 mm selections was calibrated in Photoshop to the tenth
of a millimeter using the crown heights obtained by clinical measurements with the
Boley gauge (see “Clinical measurements: Calibration and measurement locations”
section above). The scaled Photoshop images were then used to measure the papilla
heights, the widths of papillas as measured between the zeniths of the adjacent teeth,
and the space between the contact point and papilla tip, if present (Figure 5).

The rationale for using 2x2 mm selections stems from commercial intraoral
spectrophotometers used in existing publications, which tend to analyze a 2x2 mm
selection for color analysis (Czigola et al., 2021; Floriani et al., 2024; Liberato et al.,
2019; Parameswaran et al., 2016; Witkowski et al., 2012). This study originally
intended to use a commercial intraoral spectrophotometer, but due to the available USA
companies going bankrupt during the 2019 pandemic, a study investigator (TH) had to

devise this study’s workaround method for determining color.

The acronym “CIELAB” abbreviates the French organization “Commission
Internationale de 1"Eclairage”, or the Commission of [llumination (CIE, 2024). This
organization created a standardized international format for measuring color values.
CIELAB, also called CIE L*a*b*, classifies colors by their L*, a*, and b* values. The L* is
a numerical value from 0 to 100 which describes the value of the color (“darkness or
lightness™); 0 is pure black and 100 is pure white. The other values, a* and b*, describe the
hue of a color. A* describes the hue along the red-green axis, where a negative a* value is

green and positive a* is red; b* describes the yellow-blue axis, where a positive b* value is



yellow and a negative value is blue. The L*a*b* notation can be summarized in the

following diagrams (Supplemental Figures 4 and 5).).

Statistical analyses

Descriptive data for all parameters were obtained, and the Data was analyzed in Excel and
Rstudio in collaboration with a third-party data analyst. Statistical tests performed
included paired T-square tests, correlation, multi-ANOVA, and linear regression

analyses. Statistical significance was set at p = .05.

Results

The study sample comprised 33 implants and 33 contralateral natural teeth in 33
patients in a split-mouth study design. The demographic data of the patient population

are shown in Table 1.

Papilla results
In our study, papilla heights were obtained via two separate methods: From

photographs and from ultrasound. The Photoshop papilla measurements showed that
implants had an average mesial papilla height of 3.0 + 1.3 mm, whereas in teeth the
mesial papilla height averaged 3.7 +£ 1.0 mm (p = 0.00125). The distal papillas in
implants averaged 2.2 + 1.0 mm, and in teeth was 2.9 + 1.3 mm (p = 0.0022). These

results were statistically significant, but clinically differed by about 0.5mm. (Figure 21)



In contrast, the ultrasound data of papilla heights showed thatthatmesial vs. distal
papillae for teeth and implants had NSSD in mesial and distal papilla heights (Table 4).).
In implants, the average mesial papilla height was 2.7 = 1.0 mm; in teeth it was 2.6 +
0.7mm (p = 0.72). The distal papilla height in implants was 2.7 = 0.9mm, and in teeth
was 2.7 = 0.8mm (p = 0.74). These ultrasound results showed no statistically significant
differences in papilla heights when comparing implants to natural teeth.

These papilla height findings, and the discrepancy between the Photoshop photo
measurements and the ultrasound measurements, are discussed further in the discussion
section.

Additionally, the papilla widths were compared between implants and natural
teeth. These results showed a statistically significant difference between the mesial

papilla widths, but NSSD with regards to the distal papilla widths (Figure 21).

Furthermore, in our study we found that in teeth, the average horizontal (Bu-Li)
tissue thickness at the papilla from the buccal bone is 1.3 £ 0.5mm. In implants, the
average horizontal (Bu-Li) tissue thickness at the papilla from the buccal bone is 2.3 +
0.7mm (Figure 23). This was found to be a statistically significant result and is discussed

further in the discussion section.

Papillas were classified via the Nordland & Tarnow 1998 classification (Figure 4.)
All 33 implants and 33 teeth in our study were Nordland Class I (having a papilla tip
located between the interproximal CEJ and the contact point). A weak correlation was
found between the distance from the bone crest to the papilla tip, and from the papilla tip

to the contact point, as shown in Table 2.

Average implant and tooth measures are displayed in Figures 5 and 6.



Ultrasonographic buccal bone measurements

In our study, and as shown in Table 3, ultrasonography of the straight buccal of
implants and teeth revealed buccal bone thickness did not appear to differ between implants
vs. natural teeth, with a p-value of 0.18. Implant buccal bone averaged 0.7 mm + 0.3,

whereas tooth buccal bone averaged 0.63 mm =+ (.3.

However, our study determined there is a statistically significant difference
regarding distance from the buccal bone crest (BBC) and the free gingival/mucosal margin
(FG/MM). Implants had greater BBC-FMM distance compared to teeth. In implants, this
distance was 4.13mm + 1.5, whereas in natural teeth it was 2.9 mm + 1.0. The p-value as

determined via paired T-test was 1.9 x 10,

Buccal soft tissue thickness

Implants in our study also demonstrated statistically thicker tissues than teeth (as
seen in Table 4). Essentially, the buccal soft tissues of implants were statistically thicker at
all predefined zones in this study and were on average ~0.8 mm thicker than the

corresponding implant soft tissues (Figure 7).

The soft tissue thickness at the exact mucogingival junction area likewise revealed
statistically thicker tissues at implant sites compared with tooth sites (Table 6). Implants had
a mean thickness at the MGJ of 1.9mm =+ 0.8, whereas in teeth, this was 1.2 + 0.5mm, with a

p-value of 5.31 x 107 as calculated by the paired T-test.



Probing depths, recession, BOP, and KTW

Statistically significant differences were found when comparing implant PDs to tooth
PDs (Table 5). The average PDs for implants was 3.0 £ 0.7 mm, and in teeth was 2.5 £ 0.5

mm.

The majority of implants and teeth in our study exhibited no buccal recession and no
BOP. Going by the Herrera et al. 2023 EFP workshop recommendations, implants were
considered healthy if up to one (of its six) probing sites exhibited pinpoint BOP (Herrera et

al., 2023).

Soft tissue thickness & underlying root or abutment visibility

One of the primary outcomes of our study involved analysis of the color of the soft

tissues using CIELAB values.

In our study, analysis of the L* value (for the “darkness and lightness” of the
tissues) allowed us to determine whether tissue thickness was correlated with implant
abutment (or tooth root) visibility through the tissues. What we found was that soft tissue
thickness showed a weak positive correlation with the L* value, indicating that thickness
was indeed related to the shadow visibility of implant abutments. Likewise, the L* value

showed a correlation with tissue thickness and the visibility of the tooth root (see Table 6).

In implants, a slight positive correlation of +0.16 between thickness and L* value
suggests that thicker tissues result in lighter values of the supracrestal tissue adhesion of
implants. Conversely, in natural teeth, the slight negative correlation of -0.07 suggests that

thicker tissues result in darker color values of the supracrestal attachment zone.



Exploratory analyses (including ANOVA/ANCOVA analyses) were run to compare
soft tissue thickness, ultrasonographic blood flow measurements, and the objective color

measurements. No correlations were found.

CIELAB L*a*b* values: Color and its relationship to tissue thickness

Comparison of the individual CIELAB L*, a*, and b* values describing the
lightness and hue of soft tissues between implants and teeth showed no statistically
significant differences (Table 9). However, correlation and linear regression analyses
suggest that soft tissue thickness is associated with changes in the hue and lightness of

soft tissue, although the results were non-statistically significant.

The a* value in CIELAB notations describes the red-green color axis. Shifting
towards a redder hue is indicated by a positive a* value. In contrast, shifting away from red
and towards green is indicated by a negative a* value. In implants, for every 1mm increase
in free gingival margin thickness, a* decreases by 3.69. This suggests that thicker tissues at
the free gingival margin tend to be less red than thinner tissues. A similar finding occurs
when examining the supracrestal tissue adhesion and its relationship to color. For every
Imm of attached mucosa thickness, a* decreases by 1.70 — again indicating a shift away

from a red hue and more towards a greenish hue.

Intriguingly, teeth appeared to show an opposite relationship (Table 10). In teeth, for
every lmm increase in free gingival margin thickness, the a* increased by 2.09. For every
Imm increase in supracrestal tissue attachment thickness, a* increases by 0.03. This

indicates that thicker tooth tissues appear redder than thinner tooth tissues.



The correlation charts comparing L*, a*, and b* values with soft tissue thickness for

implants and teeth are shown as Figures 8 through 11.

The value of the tissues (amount of “lightness” or “darkness”), as described via the
CIELAB L* value, likewise appeared to change with increasing soft tissue thickness
(Figures 12-15). For every 1mm thickness increase at the free mucosal margin, Implants
exhibited an L* increase of 2.38. Teeth showed a similar change; each Imm thickness

increase at the free gingival margin caused L* to increase by 2.10.

Similar functionality was noted at the supracrestal tissue adhesion of implants,
where each Imm thickness caused L* to go up by 2.38; in teeth, a slight decrease of 1.04

was noted.

Lastly, the CIELAB b* values describe hue changes along the blue-yellow color
axis. In implants, each 1mm increase in free mucosa thickness resulted in a b* decrease of
1.87 — indicating a shift away from yellow and towards blue. In teeth, this relationship was
positive, resulting in a 0.77 b* shift towards the yellow hue at the free gingival margin.

(Figures 16-19).

Summary table: How color relates to soft tissue thickness?

The changes in CIELAB L*a*b* values with regards to tissue thicknesses are
summarized in Table 11. Calculation of the p values using the paired T-test revealed that
most of the findings did not show statistically significant differences, with the exception

being the a* value at the implant free gingival margin (with a p value of 0.032).



AE comparing tooth vs. implant zones

As described in the Materials & Methods section, color measurement zones are
defined as 2x2 mm areas measured at free gingival / mucosal margin, supracrestal tissue
attachment / adhesion, at the MGJ, mucosa beyond MGJ, and mesial and distal papillas

above the zenith-to-zenith line (“papilla base”) (Figure 24).

Paired T-test analyses comparing AE between tooth vs. implant zones revealed no
statistically significant findings (Table 14). Clinically, the AE color differences between
tooth and implant zones are “barely perceptible” to “slightly perceptible” according to

Sensient et al. 2024.

AE comparing implant zones to each other

We can see from Table 15 that the implant zones have a SSD in AE when comparing among
zones. Specifically, color differences can be seen when comparing the free mucosal margin
(FG) to supracrestal tissue adhesion (A); FG to mucosal (M); A to MGJ; A to M; MGJ to
M; MG@GJ to the mesial papilla (MPAP); MGJ to the distal papilla (DPAP); M to MPAP; M

to DPAP.

This can also be seen in the color visualization of average AE of zones for implants (Figure

25).
AE comparing tooth zones to each other

Similar to the implant results, we can see in Table 16 that when we compare the AE color
differences between tooth zones, there is SSD in AE between the FG-MGJ, FG-M, FG-
DPAP, A-MGJ, A-M, A-DPAP, MGJ-M, MGJ-MPAP, M-MPAP, M-DPAP, and MPAP-

DPAP.



Color visualizations of the average AE of each zone for the teeth is shown in Figure 26.

Ultrasonographic Power and Perfusion: To compare vascularity of
the tissues

Ultrasonographic power and perfusion analyses (used to quantify the amount of
blood flow and flow velocity through the tissues) did not reveal statistically significant
differences between implants and teeth. (Table 12). An example of the ultrasonographic

images depicting power and perfusion is shown in Figure 20.

Qualitative measurements: Texture, form, consistency

The texture, form, and consistency of the tissues were qualitatively evaluated. With
regards to texture, both implants and natural teeth exhibited stippling. 27 of 33 teeth, and 27
of 33 implants, had stippling; and stippling was bilaterally mirrored in patients regardless of
whether the site was an implant or a natural tooth. With regards to consistency: Both
implants and natural teeth exhibited resilient soft tissues that rebound after pressure was
clinically applied. With regards to form, all sites exhibited scalloping of the gingival margins

regardless of whether it was an implant or a tooth site.
ANOVA and ANCOVA analyses

Exploratory analyses (including ANOVA/ANCOVA analyses) were run to

compare soft tissue thickness, ultrasonographic blood flow measurements, and the objective

color measurements. Implant bucco-lingual position

Implant bucco-lingual position was qualitatively determined based upon the location

of the screw channel. It was found that of the 33 total implant crowns, 17 were cement-retained



and 16 were screw-retained. All screw-retained implant crowns had emergence from the
cingulum (for incisors / canines) or from the central groove (for premolars). It was not
possible to exactly determine the implant position without removing the crown, due to the
likelihood of the restorative dentists using custom angulated abutments. Likewise, this study
did not include CBCT's, and therefore, exact implant bucco-lingual position could not be

determined.

(See Supplemental Figure 7 for analysis result).

Discussion

The objective of this study was to conduct a split-mouth clinical study to characterize
the healthy peri-implant mucosa, using the contralateral natural teeth as comparison.

Our study confirms existing evidence that implants have a trend towards thicker
buccal soft tissues than teeth (about 0.8mm thicker) — due in part to the concave
emergence profile allowing a thicker tissue fill on the facial aspect of the implant
prosthesis (Abu Hussien et al., 2023; Barootchi et al., 2022; Barootchi et al., 2020; Jun et
al., 2013; Miiller et al., 1999; Thoma et al., 2014; Zucchelli et al., 2020). Implants
demonstrate thicker tissues in this area because the concave profile of implant abutments

create greater soft tissue fill, compared to the straight tooth root (Figure 7).

Our findings on buccal implant tissue thickness support previous literature on the
topic. Hussein et al. in 2023 performed a cross-sectional study examining palatal tissue
thickness of healthy teeth and implants, and found that implants consistently had thicker

palatal mucosa than the contralateral teeth, measuring 4.58 + 1.38 mm at the pocket base



(compared to the 3.01 = 1.11 in teeth), and 3.58mm + 2.15 at 3mm coronally from the base
of the pocket, compared with 1.89 + 1.11 in the contralateral teeth (Abu Hussien et al., 2023).
Likewise, the 2017 World Workshop article on peri-implant health by Araujo and colleagues
describe how the healthy peri-implant mucosa patients with a “flat-thick” phenotype tended
to have greater dimensions of the peri-implant mucosa, compared with their natural teeth.
This effect was less pronounced in patients with a thin-scalloped phenotype.

Our study also supports the idea that implant-retained prostheses have the ability
to reduce the distance from papilla tip to contact point via prosthetic shaping (Chow &
Wang, 2010; Flanagan, 2015; Gobbato et al., 2013; Jamilian et al., 2015; Urban et al.,
2021). In our study, implant papillae had a nearly 50% less prevalence of papilla
deficiency compared with natural teeth. When a space was present, implants had less
distance, measuring 0.1 mm on average and ranging from 0 - 1.4 mm; teeth correspondingly
had greater space, measuring 0.4 mm and ranging from 0 to 2.4 mm. Papillaheight is
important for esthetics. A lack of papilla height can appear as a small “black triangle”
between the teeth, which may be visible when the patient smiles (Singh et al., 2013).

AA valid critique of this study with regards to papilla measurements is that the
inclusion/exclusion criteria did not explicitly exclude teeth with crowns, subgingival
restorations, or recessions. Therefore, it is possible that the restorations of the teeth affected
the papilla heights as well.

Another point of contention in this study was the potential for distortion in the
Photoshop-based photo measurements. The photos may have some foreshortening / curvature
errors (due to the arch curving distally from anterior to posterior), even despite attempting to

standardize the photos to be “straight-on” shots. This study included many 2nd premolars in



the patient population, and despite using special posterior black retractors, it was difficult to
fully stretch the cheek of these patients (many of whom were overweight) to fully show the
distal papillas of the 2nd premolars in a straight-on-shot. Therefore, although the data
analysis from Photoshop measurements indicated a statistically significant difference
between the mesial and distal papillas between implants and teeth, these results should be
interpreted with caution due to potential errors introduced via measurement distortion caused
by photo perspective.

In contrast to the Photoshop-based papilla measurements, the ultrasound papilla
height measurements posed less risk of distortion due to the fact that each papilla was directly
measured with the ultrasound sensor. Therefore, the ultrasound papilla heights were
ostensibly more accurate than the Photoshop photo-based measurements. Because the
ultrasound papilla height measurements showed no statistically significant differences
between implant vs. tooth papilla heights, we can conclude within the limitations of this study
that there is no difference in papilla heights when comparing implatns to natural teeth.

Furthermore - all patients in this study were recruited from the periodontics
department's "perio maintenance" patient pool -- and therefore, the majority of these patients
had recession present (although they were periodontally healthy). This perio maintenance
patient pool may be predisposed to have significantly shorter papillas than the "normal range"
due to interproximal recession, compared to a healthy young "normal" population without
history of periodontal disease. Likewise, the implant patient pool tends to be older rather than
younger, and age contributes to recession as described by Billings et al 2018. The average
papilla height of 2.7 as found in our study from ultrasound measurements does correlate with

the biologic widths described by Vacek et al. 1994 and Gargiulo et al 1961, wherein the



human body creates an average tissue height of about 1.0 mm for the sulcus, plus about 2 mm
tissue height for the connective tissue and epithelium.

Our study also found that implants tend to have greater distance from the facial
buccal bone to the free mucosal margin. In implants, this distance was 4.13 mm + 1.5,
whereas in natural teeth it was 2.9 mm + 1.0. The p-value as determined via paired T-test was
1.9x 104

Our study also found that papilla thickness is slightly greater in implants as compared
to natural teeth. In teeth the average horizontal (Bu-Li) tissue thickness at the papilla from
the buccal bone is 1.3 + 0.5mm, and in implants this was 2.3 £ 0.7mm (Figure 23). This may
be due to the fact that the emergence profile of the implant crown creates a greater soft tissue
thickness not only at the straight buccal aspect, but also interproximally at the papillas, when

compared to natural teeth.

Buccal bone is an important component of peri-implant and periodontal health
(Berglundh et al., 2018; Monje et al., 2019; Monje et al., 2023). One of the key concerns
with implants is that buccal bone of an edentulate site undergoes remodeling over time
(Cicciu et al., 2023; Pagni et al., 2012; Spray et al., 2000; Temmerman et al., 2015). A
noninvasive way to determine buccal bone thickness and position is to perform

ultrasonographic analysis.

Therefore, this BBC-FMM finding indicates that healthy implants naturally have a
thicker supracrestal tissue adhesion compared to the contralateral tooth’s supracrestal tissue
attachment (Araujo & Lindhe, 2018). One possible reason for this may be remodeling. After
tooth extraction, the buccal bone undergoes remodeling (Amler, 1981; Spray et al., 2000).

Furthermore, many clinicians place implant platforms subcrestally, which may likewise



encourage remodeling of the peri-implant hard tissues. Where hard tissue resorbs, soft tissue
tends to fill. Implants are also known to have deeper pocket depths that are considered

healthy compared to natural teeth (Souza et al., 2016).

Implants also demonstrated statistically thicker buccal tissues and deeper probing
depths than teeth. Implant buccal tissues were on average ~0.8 mm thicker than the
corresponding implant soft tissues. Probing depths measured 3.0 £0.7 mm in implants,
and 2.5 £ 0.5 mm in teeth. Our findings support previous literature citing that healthy
implants have deeper PD’s compared with teeth (Christensen et al., 1997; Coli & Sennerby,
2019; Herrera et al., 2023; Parpaiola et al., 2015; Pathak et al., 2016; Schou et al., 2002).
This phenomenon is due to the fact that teeth have supracrestal tissue attachment via
Sharpey’s fibers inserting into cementum, whereas implants lack such fibers and therefore
are less resistant to probing forces (Etter et al., 2002).

One of the predominant findings of our study is that soft tissue thickness appears
correlated with color, though more studies of larger sample size are required to rigorously
test the finding. Our study developed a method of determining standardized color
measurements without an intraoral spectrophotometer. Our color analyses demonstrate that
buccal tissue thickness has a weak inverse relationship with the L* value, indicating that
increased thickness is correlated with reduced shadow visibility of implant abutments and
tooth roots (Table 8). However, the overall color (combined L*a*b* values) of implant vs.

tooth tissues were statistically insignificant (Table 10).

So when does a color difference become clinically relevant? It becomes relevant if,

for example, a periodontal surgical procedure results in a gingival color change that is



perceivable to the average human eye. This perceivable color difference is characterized by

“AE” (read as “delta E”). Delta E is described in Table 7.

Delta E is calculated by the formula:
AE = SqRt((L,-LoL1)? —+ (az-a1)* —+ (bz-b1)?)

, which considers all three of the L*, a*, and b* values described earlier.

Our data indicates that there are no statistically significant differences in the combined

L*a*b* values when comparing implants vs. natural teeth (Table 8).

In situations of esthetic soft tissue grafting, soft tissue color differences become very
clinically relevant. Most clinicians avoid free gingival grafting in the esthetic zone due to
the marked color discrepancies between the grafted and nongrafted sites (Cairo, 2017,
Emilov & Deliverska-Aleksandrova, 2022; Jenabian et al., 2016; Raoofi et al., 2019; Thoma
et al., 2014; Zucchelli et al., 2020). Witzel et al. 1973 noted that although individuals
perceive color differently, but most humans are able to discern differences of lightness, hue,
and saturation with a certain degree of precision (Witzel et al., 1973). The most reliable way

to quantify color differences is by using quantitative color analysis.

Our findings confirm that root prominence in thin periodontal tissues results in the
light-colored root being visible through the tissues, and that thin periodontal tissues around
implant abutments results in the implant abutment being visible, due to the abutment’s

darker metallic color.

Implant bucco-lingual position was examined based on determining the position of

the implant crown screw channel. It was found that of the 33 total implant crowns, 17 were



cement-retained. This means only 16 of the were screw-retained. All screw-retained implant
crowns had emergence from the cingulum (for incisors / canines) and from the central
groove (for premolars). It was not possible to exactly determine the implant position
without removing the crown, due to the presence of custom angulated abutments. Likewise,
this study did not obtain CBCT's, and therefore, exact implant bucco-lingual position could
not be determined. However, we can speculate that implant bucco-lingual position may
influence tissue thickness or color, especially in cases with a thin periodontal phenotype and
loss of buccal bone. In these situations, the implant abutment and/or implant body may
appear as a dark shadow seen through the thin gingiva. A literature search in PubMed
indicates that few existing studies examine this phenomenon, and may be an area for future

investigation in the field.

Implant position may be a factor influencing tissue color. Although our study was
unable to determine correlations between implant position and color due to lack of CBCT
and lack of approval to remove implant crowns, there are existing studies on this topic. For
example, it is known that the soft tissue profile and subsequently, the emergence profile of
the implant restoration, is influenced by the 3D spatial position of the implant during
placement (Chu et al., 2019). Likewise, implant placement may lead to the resorption of
buccal bone and subsequent apical migration of the mucosal margin (Chen & Buser, 2014).
However, whereas bone readily remodels following an extraction or other surgical trauma,
soft tissue phenotype (the “tissue thickness”) tends to stay consistent unless it is modified
via soft tissue augmentation, as soft tissue thickness is predominantly determined by an

individual’s genetics (Amler, 1981; Gargiulo et al., 1961; Temmerman et al., 2015).



No statistically significant differences were observed with regards to buccal bone
thickness, KTW, BOP, recession, papilla heights, and vascular flow as measured by
ultrasonographic power and perfusion analyses. Likewise, no statistical differences were
found regarding the qualitative measures of stippling, gingival margin contour, form,
consistency. ANOVA and ANCOVA analyses were inconclusive, per Supplemental Figure
7.

Therefore, we can conclude that the null hypotheses of the study were partially
rejected.

In conclusion, our data suggests the healthy peri-implant mucosa can be characterized

as Table 13.

Study Limitations

This study notably has several limitations. Should future studies aim to expand upon this

research, it would be wise to address the following limitations:

e Case selection: Our study did not explicitly exclude certain factors which may have
influenced the results, such as: adjacent teeth with subgingival crown or composite

margins; adjacent implants or bridges; tissue-level implants.

e Ultrasound: One major limitation of ultrasound is its inability to detect buccal bone
thickness beyond 1mm. This may have influenced the final buccal bone average
thicknesses, because the maximum possible measurable buccal bone thickness was

1mm.

e Operator dependency: Ultrasound is an operator-dependent clinical measurement

modality, and the image accuracy may be influenced by factors such as bubbles



within the ultrasonography gel, thickness of the prepared gel pad against the sensor,

amount of pressure applied during measurements, and the angulation of the probe.

e Limited sample size: The study is composed of 66 total implants and natural teeth, in
a split-mouth design. Post-hoc analyses of sample size in G-power suggests that the
study was somewhat underpowered, which may explain several of the non-
statistically significant results found in the study. Future studies should aim to have

300 total implants and natural teeth for sufficient power.

e Color quantification: The color analysis procedure utilized in this study had multiple
steps. A commercial intraoral spectrophotometer might reduce error due to the fewer

number of steps in the color analysis workflow.

e Lack of longitudinal or interventional data: To further investigate the influence of
tissue thickness on tissue color, rather than conducting a split-mouth study
(comparing contralateral teeth to implants), it may be more advantageous from a
standardization standpoint to perform analyses on single tooth sites undergoing soft
tissue grafting. This would eliminate potential confounding variables and differences

found between contralateral teeth and implants.

e Statistical shortcomings: Multi-ANOVA analysis was attempted, but the F-value was
high, indicating heterogeneity among variables. Therefore, Multi-ANOV A was

inconclusive.

To conclude, our study shows some promising data trends, but the data should be interpreted
with caution due to the aforementioned limitations. Future studies may address these

limitations to provide more illuminating data.



Future implications

The development of the color analysis workflow of this study may be useful for other clinical
applications, such as: Determining color shade matches for esthetic restorations; and to
determine “color maps” for teeth to allow technicians to produce very natural-looking crowns
for anterior esthetic areas. The methods of this study could also be used in future soft- or

hard-tissue grafting cases, to track the changes in tisue thickness and color over time.
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Tables
TABLE 1 Demographics

17 of the 33 implant crowns were cement-retained, and 16 of the 33 were screw-retained.

Implants Teeth
Patient Age (years) 65.5 years 65.5 years
Gender (M:F) 20:13 20:13
Number in study 33 33
Maxillary central incisor 6 6
Maxillary lateral incisor 9 9
Maxillary canine 1 1
Maxillary 1% premolar 10 10
Maxillary 2™ premolar 10 10
Probing depth (mm) 3.0+/-0.7 2.5+/-0.5

TABLE 2: Bone crest to papilla tip distance, and papilla tip to contact point

Average Average distance Correlation,
papilla height!, from papilla tip to papilla height to
mm (SD) contact point, mm papilla-contact
(range)* distance

Implant mesial papilla 2.7(1.0) 0.1(0-1.4) -0.28

Tooth mesial papilla 2.6 (0.7) 0.4(0-2.4) -0.06

p-value, implant mesial ~ 0.72 0.04 -

papilla vs. tooth

Implant distal papilla 2.7(0.9) 0.7 (0-1.5) 0.01

Tooth distal papilla 2.7(0.8) 0.2(0-1.7) -0.13

p-value, implant distal 0.74 0.65 -

papilla vs. tooth

1 = papilla height measured via ultrasonography from the interproximal
bone crest to the papilla tip

* = range was used instead of standard deviation due to a non-normal
distribution. (Majority of papillae had 0 space from contact point to
papilla tip; using standard deviation resulted in a deviation larger than
the average value).

TABLE 3: Buccal bone thickness, and buccal bone crest to free gingival/mucosal
margin



Implant
Tooth

p-value, implant vs. tooth

Average
buccal bone

thickness!, mm

(SD)

0.70 (0.3)
0.63 (0.3)

0.18

Average distance
from buccal bone
crest to free
gingival/mucosal
margin, mm (SD)
4.13 (1.5)

2.9 (1.0)

1.9x 10*

1 = buccal bone thickness measured via ultrasonography 1mm apical to

the buccal bone crest. Note that a limitation of ultrasonography is it

cannot penetrate buccal bone by more than 1mm.

TABLE 4: Buccal soft tissue thicknesses: Implants vs. contralateral teeth

Implant
Tooth

implant vs. tooth
values

p-value® comparing

Average free
gingiva / mucosa
thickness, mm
(SD)

2.0 (0.6)
12 (0.3)
1.7x 108

Average Average
supracrestal thickness at
adhesion / exact MGJ,
attachment mm (SD)
thickness, mm (SD)

2.3(0.7) 1.9 (0.8)
1.4 (0.5) 1.2 (0.5)
2.4x1038 531x1073

Average
thickness of
tissues 2mm
beyond MGJ

1.8 (0.7)
1.1 (0.5)
1.1x 10

a = p-value calculated by paired T-test

TABLE 5: Probing depth, buccal recession, BOP, and keratinized tissue width

Implant
Tooth

p-value® comparing implant

vs. tooth values

Average
probing
depth, mm
(SD)

3.0 (0.7)
2.5(0.5)
9.0x 102

Average
buccal
recession,
mm (SD)
0.2

1.0

n/a*

Site-level % Average KT

BOP average width, mm
(SD)

7.6% 33(1.4)

6.7% 3.5(1.3)

n/a* 0.52




* = Standard deviation exceeded the average, due to most
implants and teeth having a measurement value of 0 and
therefore, a non-normal distribution.

a = p-values calculated via paired T-test

TABLE 6: L* value correlation with tissue thickness

Average L*  Average Correlation, Linear
value (SD) tissue L* to tissue regression
thickness®, .0 o p-value®
mm (SD)
Implant 61.3 (9.8) 1.9 (0.7) +0.16 0.37
Tooth 64.5(9.4) 1.1 (0.4) -0.07 0.78
p-value comparing implant ~ 0.008 3.4x107 - -

vs. tooth values

a = measured at the mucosal adhesion (in implants) and
attached gingiva (in teeth)

b = p-value calculated via paired T-test

TABLE 7: Delta E (AE) classification of perceivable color differences

AE value

Perception level

Lessthan 1 ~ Non-perceivable color difference.

1-2 Barely perceptible

2-10 Slightly perceptible

11-49 Perceptibly different, but still appear similar in color
100 Completely opposing colors on the color wheel

Table adapted from (Sensient, 2024).
TABLE 8: Delta E, to compare CIELAB color differences of implants vs. teeth

Region analyzed

Free gingival/ Supracrestal = Mucogingival Mucosa
mucosal tissue adhesion / junction (apical to
margin attachment MGJ)

AE, implant vs. tooth 8.2 8.1 8.4 9.6



p-value® comparing  0.96 0.82 0.48 0.16
implant vs. tooth
values

a = p-value calculated via paired T-test

TABLE 9: Correlation analysis: Implant CIELAB L*a*b* and implant tissue

thickness

Implant free  Implant Implant Implant mucosa
mucosal supracrestal MGJ (apical to MGJ)
margin tissue adhesion

L* value to tissue  +0.31 +0.16 +0.25 +0.16

thickness

a* value to tissue  -0.37 -0.19 -0.19 +0.12

thickness

b* value to tissue  -0.31 -0.06 +0.12 +0.02

thickness

TABLE 10: Correlation analysis: Tooth CIELAB L*a*b* and tooth tissue

thickness
Tooth free Tooth Tooth MGJ Tooth mucosa
gingival supracrestal (apical to MGJ)
margin tissue
attachment
L* value to tissue  +0.12 -0.02 -0.04 -0.05
thickness
a* value to tissue +0.13 +0.00 -0.09 +0.31
thickness
b* value to tissue  +0.11 +0.27 +0.17 +0.38
thickness

TABLE 11: AL*, a*, b* for every Imm ST thickness increase



Implant free | Tooth free Implant Tooth
mucosal gingival margin | supracrestal supracrestal
margin tissue adhesion | tissue adhesion
L* +4.99 +/-2.81] +2.10 +/-5.14 |+2.38 +/-2.61 |-1.04 +/-3.69
p=0.09 p=0.68 p=0.37 p=0.78
a* -3.69 +/- 1.64 | +2.092 +/-2.95 | -1.70 +/- 1.55 | +0.03 +/-2.20
p=0.032 p=0.48 p=0.28 p=0.99
b* -1.87+/-1.02 | +0.77+/-2.06 |-0.11+/-1.06 |+1.92+/-1.35
p=0.13 p=0.71 p=0.92 p=0.16
TABLE 12: Ultrasonography: Power and Perfusion comparison
Average perfusion (SD) Average Power (SD)
Implant 0.07 (0.16) 0.04 (0.03)
Tooth 0.08 (0.18) 0.04 (0.03)
p-value? comparing 0.4 0.44

implant vs. tooth
values

a = p-value calculated via paired T-test

TABLE 13: Characterization of the healthy peri-implant mucosa.

Buccal bone
KTW
BOP

Stippling

Distance of buccal bone crest
to free gingival margin
Buccal soft tissue thickness

thickness

Papilla heights

Ultrasonographic power
Ultrasonographic perfusion

Average value of this study, mm (SD)

4.13 (1.5)

~0.8 mm thicker than contralateral teeth

0.7 (0.3)
3.3 (1.4)
7.6%

Mesial papilla: 2.7 (1.0)

Distal papilla:

0.04 (0.03)
0.07 (0.16)

2.7 (0.9)

Can be present or absent




Contour Minimal recession
Form Scalloped gingival margins
Consistency Resilient; rebounds to pressure
Color Coral pink
Table 14: AE comparing tooth vs. implant zones
FG A MGJ M MPAP DPAP
AE of 3.8073439 | 3.4639690 | 2.86375661 | 2.01076076 | 3.5851187 | 2.8539599
implantvs. | 3 7 1 7 2 2
tooth’s
same zone
Stdev 6.1410661 | 6.6518010 | 6.64636826 | 6.30805472 | 5.357097 5.8782393
8 1 8
paired ttest | 0.0913059 | 0.2435076 | 0.04777380 | 0.64331009 | 0.2590389 | 0.0224885
7 3 9 7 5 1




Averag
e AE
Std AE

paired
ttest

FG-A

2.92

1.77

0.73

Table 15: AE comparing implant zones to each other

FG-MGJ FG-M

8.26 16.15

8.35

4.37
2064871 BB4E 0.41
E05 10

* FG: Free mucosal margin
A: Supracrestal tissue adhesion
MGJ: Mucogingival junction
M: Mucosa apical to MGJ

MPAP: Mesial papilla measured above papilla base (where the base is the line drawn from zenith to zenith of ad;.

teeth)

FG-
MPA

P
8.12

4.66

FG-  A-MGJ A-M
DPA
P

6.04 7.20 15.72
3.81

4.20 8.39
039 265512 {98211
E-06 E-10

A-
MPA
P
8.72

4.69

0.49

A-  MGJ-M MGJ-
DPA MPAP

P
6.70 10.01 9.60
3.60 5.17 5.40
032 874405 010004483
E-10 g

-DP
AP
10.0
1

MGJ M-MPAP M-DPAP
15.60 16.05
8.74 8.89

4.76

0.01

MPAP
-DPA

7.46

3.76

0.07

DPAP: Distal papilla measured above papilla base (where the base is the line drawn from zenith to zenith of ad;.

teeth)

Table 16: AE comparing tooth zones to each other

AE comparing tooth zones to each other
FG-A

Aver 3.2508
age 0337

AE

STD  2.8298
9154
Pair  0.96

ed
ttest

FG- FG-M
MG!

7.92132  15.1749
0844 6979

4.38868 9.44187
6844 7514

* FG: Free gingival margin

A: Supracrestal tissue attachment

MGJ: Mucogingival junction
M: Mucosa apical to MGJ
MPAP: Mesial papilla measured above papilla base (where the base is the line drawn from zenith to zenith of ad;.

teeth)

FG-
MPAP

3.73366
5629

1.78510
7246
0.04

FG- A-MGJ A-M
DPAP

5.49445  7.60943 15.7017
6507 5638 8933

2.94619 4.28363 9.50818
0728 2168 0337

A-
MPAP

5.05272
6893

2.77549
7597
0.19

A- MGJ- MGJ-
DPAP M MPAP

6.36642  9.48246  8.64909
8326 2927 4888

3.19894 557823  4.67832
261 7836 1686

MG)-
DPAP

8.4291
1421

4.5081
5618
0.03

M- M-
MPAP  DPAP

15.5722  14.784
423 7811

9.87369  8.3676
2788 0535

MPAP-
DPAP

6.23420
3825

3.83016
4765

DPAP: Distal papilla measured above papilla base (where the base is the line drawn from zenith to zenith of ad;.

teeth)
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Figure 1. Annotated ultrasound image showing the buccal
sagittal “slice” of a tooth. Annotations denote key anatomic
landmarks.




Figure 2. (Left) A ultrasonographic sagittal “slice” image of
a natural tooth. (Right) Example of the linear measurement
data extracted via the measurement function in Horos
software.
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Figure 3. Annotated ultrasound image showing the buccal
sagittal “slice” of an implant. Annotations describe key
anatomic landmarks.




Figure 4. (Left) Ultrasonographic sagittal “slice” image of an
implant. (Right) Linear measurement data extraction from
the image using the measurement function in Horos
software.
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Figure 5: Diagram describing clinical measurements. D CEJ-CEJ:
Distal papilla base (aka “papilla width”) measured from gingival
zeniths of adjacent teeth. DPAP height: Height of the distal papilla
as measured from D CEJ-CEJ to the papilla tip. Similar
measurement landmarks are used for M CEJ-CEJ, MPAP height.

Ultra - -DCP “
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Camera RAW file Adobe DNG ColorChecker Save unique
(CR2) taken on Converter: Camera calibration profile
Sd card Convert CR2 to Calibration: as DCP file (digital
DNG (digital Create unique camera profile)
negative) calibration profile *
Excel: Tabulate CIELAB Photoshop: Calibrate Adobe Lightroom: Import
data and perform image size based on DCP profile and use to
statistical analyses known landmark (crown); color correct image.
Extract CIELAB color Adjust White Balance
values (WB) using neutral grey

from color card

Supplemental Figure 1. Digital workflow for the conversion of camera
RAW files to color calibrated images allowing the extraction of color data.
The ColorChecker calibration card allowed standardization of the
environmental lighting and white balance levels between cases.




DNG Converter

e Adobe Digital Negative Converter Al

Adobe

o Select the images to convert

Y
@ Select Folder... /Users/teresaheck/Desktop/Heal...sa Thesis/DATA BEING ANALYZED/
Include images contained within subfolders

Skip source image if destination image already exists
0 Select location to save converted images

‘& Save in New Location v

Select Folder... /Users/teresaheck/Desktop/Heal...sa Thesis/DATA BEING ANALYZED/

e Select name for converted images

Name example: MyDocument.dng

File extension: .dng v

o Preferences
Compatibility: Camera Raw 15.3 and later
JPEG Preview: Medium Size Change Preferences...
Embed fast load data
Don't use lossy compression
Preserve Pixel Count
Don’t embed original

About DNG Converter... Extract... Quit

Supplemental Figure 2. Example of Adobe Digital Negative Converter.
This software allows lossless conversion of the camera RAW files to DNG
(digital negative) format, which can then be further processed in
photoediting software.




[ ] [ ] ColorChecker Camera Calibration

colorchecker

Instructions E’

Create a DNG profile representing a
single lighting condition. The profile is
specific to an individual make of
camera.

1) Drag a DNG image into the image
pane. ColorChecker Camera
Calibration will attempt to
automatically detect the ColorChecker
in the image.

2) If auto-detection fails, click on the
corners of the ColorChecker in the
image to manually place the crop
marks. Zoom in if necessary.

3) Click the Create Profile button. Give
the profile a name and click Save. The
profile will be saved to the specified
location.

For more information click he

Supplemental Figure 3. Screenshot of the ColorChecker Camera
Calibration software. This software utilizes the ColorChecker Nano
calibration card to create a color correction profile to standardize the
environmental lighting of each image.

L

-b

Supplemental Figure 4: A diagram describing the color axes of the CIE L*, a*, and b*

+3

values.



Supplemental Figure 5: Another variation of the CIELAB colorspace map. Source: (Datacolor, 2024)

Supplemental Figure 6: Characteristics of implants included in the study.
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Implant#
13
10
5
8
13
13
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[N [N IR O Y =
hrPRQOPM®sooPoRmproworm NO

Implant brand
Straumann
Zimmer TSV
Zimmer TSV
Straumann
Zimmer TSV
Straumann

Straumann BLX
Biomet 3i
Zimmer TSV
Biohorizon
Zimmer TSV

Nobel Biocare
Zimmer TSV

Straumann BLX
Zimmer TSV

Straumann BLT

Straumann BLT
Straumann
Zimmer TSV

Camlog Root-Line J series
Zimmer TSV

Straumann BLT
Straumann

Straumann ITI
Zimmer TSV
Straumann
Zimmer TSV
Neobiotech
Zimmer TSV

Straumann BLX
Zimmer TSV
Zimmer TSV

Straumann BLT

BLorTL?
BL
TL
TL
BL
TL
BL
BL
BL
TL
TL
TL
BL
TL
BL
TL
BL
BL
BL
TL
TL
TL
BL
BL
BL
TL
BL
TL
BL
TL
BL
TL
TL
BL

Total BL: 18
TotalTL: 15

Diameter
4.1
3.7
3.1
4.1
4.1
41

3.75
4.1
4.1
3.8
3.7
3.5
3.7

3.75
3.7
4.1
3.3
3.3
4.1
3.8
3.7
4.1
4.1
3.3
3.7

3.75
3.7

4
4.1

3.75
4.1
3.7
4.1

F

Placement
date
6/16/06
9/30/22
10/20/17
3/9/22
1/29/15
7127122
7/19/22
2021
5/16/02
8/4/17
12/1/17
2016
1/25/18
2012
2/1/23
2015
2/26/21
2008
2021
2008
4/8/22
2017
2014
2008
2/1/22
2014
2021
2/16/17
2019
2008
2012
2/1/19
2018

G

Prosthesis
date
1/5/07
3/30/23
3/1/19
9/14/22
5/16/22
3/23/23
12/8/22
2021
10/1/02
12/5/17
5/10/19
2016
5/14/18
2012
9/11/23
2015
12/8/21
2008
2021
2008
10/4/22
2017
2014
2008
9/15/22
2014
2021
8/10/17
2019
2008
2012
10/10/19
2018
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R Markdown

This is an R Markdown document. Markdown is a simple formatting syntax for authoring HTML, PDF, and MS Word documents. For more details
on using R Markdown see http://rmarkdown.rstudio.com.

When you click the Knit button a document will be generated that includes both content as well as the output of any embedded R code chunks
within the document. You can embed an R code chunk like this:

Note that the echo = FALSE parameter was added to the code chunk to prevent printing of the R code that generated the plot.
library(readx1)
implant_data <- read_excel("for ANCOVA analysis.xlsx",

sheet = "Implant variables")
View(implant_data)

head(implant_data)

## # A tibble: 6 x 20

##  “Patient #' Implant.deltaE.of.FG Implant.deltaE.of.A “Implant deltaE of MGJ®
## <dbl1> <dbl> <db1> <dbl>
## 1 1 71.0 73.6 77.2
## 2 2 78.9 78.9 73.4
## 3 3 73.3 75.3 73.9
## 4 4 70.9 72.1 70.0
## 5 5 73.4 71.8 69.8
## 6 6 79.2 79.5 76.0
## # i 16 more variables: ‘Implant delta E of M' <dbl>,

## # “Implant delta E of MPAP' <dbl>, ‘Implant deltaE of DPAP' <dbl>,
## # Implant.ST.4mm.from.FGM <dbl>,

## # " Implant MPapilla height (from crest)' <dbl>,

## # " Implant DPapilla height (from crest)’ <dbl>,

## # “Implant tip of Buccal bone distance from FGM' <dbl>,

## # “Implant M CEJ-CEJ' <dbl>, ‘Implant M PapH' <dbl>, ..

#Let’s assume you want to analyze the effect of Implant.deltak.of.FG (as the dependent variable) with Implant.deltakE.of.A as the independent
variable and Implant.ST.4mm.from.FGM as the covariate. You can adjust the variables according to your analysis needs

ancova_model <- aov(Implant.ST.4mm.from.FGM ~ Implant.deltaE.of.A xImplant.deltaE.of.FG , data = implant_data)

summary (ancova_model)

## Df Sum Sq Mean Sq F value Pr(>F)
## Implant.deltaE.of.A 1 1.054 1.0540 2.410 0.131
## Implant.deltaE.of.FG 1 0.253 0.2532 0.579 0.453
## Implant.deltaE.of.A:Implant.deltaE.of.FG 1 1.311 1.3107 2.997 0.094 .
## Residuals 29 12.682 0.4373

#H# ——

## Signif. codes: @ 'sxk' 0.001 'xx' 0.01 'x' 9.05 '.' 0.1 ' ' 1

# Plot residuals
plot(ancova_model, which = 1)
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Fitted values
aov(Implant.ST.4mm.from.FGM ~ Implant.deltaE.of. A * Implant.deltaE.of . FG)

# Check for homogeneity of regression slopes

interaction_model <- aov(Implant.ST.4mm.from.FGM ~ Implant.deltaE.of.A xImplant.deltaE.of.FG , data =
a)

summary (interaction_model)

implant_dat

## Df Sum Sq Mean Sq F value Pr(>F)
## Implant.deltaE.of.A 1 1.054 1.0540 2.410 0.131
## Implant.deltaE.of.FG 1 0.253 0.2532 0.579 0.453
## Implant.deltaE.of.A:Implant.deltaE.of.FG 1 1.311 1.3107 2.997 0.094 .
## Residuals 29 12.682 0.4373

## ———

## Signif. codes: @ 'sxkx' 0.001 'xx' 0.01 'x' 0.05 '.' 0.1 ' ' 1

Supplemental Figure 7: A statistical output following ANOVA and ANCOVA analyses of the

obtained data. No significant findings could be found.
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Figure 4: Diagram from the original Nordland &
Tarnow 1998 classification, describing the three

papilla classifications. (Image source: Nordland WP,
Tarnow DP. A classification system for loss of papillary height. J Periodontol.
1998 Oct;69(10):1124-6. doi: 10.1902/jop.1998.69.10.1124. PMID:

9802711.)

Class I: Papilla tip is present between the contact
point and the interproximal CEJ.

Class II: The papilla tip is located between the
facial CEJ and interproximal CEJ.

Class III: The papilla is located apical to the facial
CEJ of the tooth.
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Implant Measurements - Standard deviation and Averages
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Measurement

Figure 5a: Box-and-whisker plot illustrating the average
values of implant measurements. D CEJ-CEJ: Distal papilla
base (aka, “papilla width’) as measured from buccal zenith
CEJ to the adjacent buccal zenith CEJ. D PapC: Distal
papilla tip to contact point. D PapH: Distal papilla height.
M CEJ-CEJ: Mesial papilla base (aka, “papilla width”) as
measured from buccal zenith CEJ to the adjacent buccal
zenith CEJ. M PapC: Mesial papilla tip to contact point. M
PapH: Mesial papilla height.

M PapH



Tooth Measurements - Standard Deviation and Averages
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Figure 6: Box-and-whisker plot illustrating the average
values of tooth measurements. D CEJ-CEJ: Distal papilla
base as measured from buccal zenith CEJ to the adjacent
buccal zenith CEJ. D PapC: Distal papilla tip to contact
point. D PapH: Distal papilla height. M CEJ-CEJ: Mesial
papilla base (aka, “papilla width”) as measured from buccal
zenith CEJ to the adjacent buccal zenith CEJ. M PapC:
Mesial papilla tip to contact point. M PapH: Mesial papilla
height.
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Figure 7: Subgingival buccal profile comparison between
an implant (left) and natural tooth (right). The pale green
shape indicates the concavity present between the CEJ and
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the buccal bone crest. Original images were obtained via
ultrasonography.
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Figure 8: Linear regression analysis of scatter plot data,
showing a negative relationship between implant a* value
and free mucosal margin thickness.
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Tooth a* as a function of ST thickness: Free

gingival margin

y=2.092x+23.3
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Figure 9: Linear regression analysis of scatter plot data,
showing a positive relationship between tooth a* value and
free gingival margin thickness.
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Implant a* as a function of ST thickness:
Supracrestal tissue adhesion
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Figure 10: Linear regression analysis of scatter plot data,
showing a negative relationship between implant a* value
and the thickness of the supracrestal tissue adhesion.




Tooth a* as a function of ST thickness:
Supracrestal tissue attachment
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Figure 11: Linear regression analysis of scatter plot data,
showing a weakly positive relationship between tooth a*
value and the thickness of the supracrestal tissue
attachment.
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Figure 12: Linear regression analysis of scatter plot data,
showing a positive relationship between implant L* value
and the thickness of the free mucosal margin.
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Tooth L* as a function of ST thickness: Free gingival
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Figure 13: Linear regression analysis of scatter plot data,
showing a weakly positive relationship between tooth L*
value and thickness of the free gingival margin.
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Figure 14: Linear regression analysis of scatter plot data,
showing a positive relationship between implant L* value
and thickness of the supracrestal tissue adhesion.
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Correlation

Figure 15: Linear regression analysis of scatter plot data,
showing a very weakly negative relationship between tooth
L* value and thickness of the supracrestal tissue
attachment.
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Figure 16: Linear regression analysis of scatter plot data,
showing a negative relationship between implant b* value
and thickness of the free mucosal margin.
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Figure 17: Linear regression analysis of scatter plot data,
showing a positive relationship between tooth b* value and
thickness of the free gingival margin.
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Figure 18: Linear regression analysis of scatter plot data,
showing a weakly negative relationship between implant b*
value and thickness of the supracrestal tissue adhesion.
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Figure 19: Linear regression analysis of scatter plot data,
showing a weakly negative relationship between implant
b* value and thickness of the supracrestal tissue adhesion.




Figure 20: Left image: Natural tooth with perfusion
analysis showing vascular flow within the buccal tissues.
Right image: Power analysis showing the velocity of
vascular flow of the same natural tooth.

A B C D E F G H | J K 5 M N o

1 |PHOTO DISTANCE MEASURES - IMPLANTS PHOTO DISTANCE MEASURES - TEETH

2 |HMs# MCEJ-CE} MPapH M PapC DCE)-CE)  DPapH D PapC HMS # MCEJ-CE) MPapH M PapC DCEJ-CE)  DPapH D PapC

3 1 5.15 4.3 0.85 4.91 2.14 0.94 1 4.8 2.93 1.12 3.89 2.39 0.81
4 2 5.45 2.83 0 6.55 3.02 0 2 6.2 3.1 0 7.01 2.08 0
5 3 7.77 5.29 0 9.34 4.67 0 3 7.3 5.6 0 9.74 4.31 0
6 4 5.81 1.98 11 6.67 1.85 0 4 6.91 4.49 1.31 5.09 2.06 1.08
7 5 6 2.58 0 7.44 1.65 1.14 5 5.81 3.81 0 5.43 3.24 0
8 6 7.55 4.78 0.66 6.15 2.74 0 6 7.54 4.48 0.66 8.83 5.63 0
9 7 7.1 3.24 0 4.44 1.27 0 7 6.71 3.3 0 5.25 2.7 0
10 10 3.75 1.07 0 5.09 1.66 0 10 5.22 2.83 0.95 6.16 1.44 1.72
i1 11 6.34 4.13 0 6.38 3.39 0 11 8.01 3.16 0 6.58 4.89 0
12 12 5.24 2.18 0 4.15 1.19 0 12 5.86 2.44 0 6.47 2.32 0
13 13 6.21 4.26 0 8.1 4.1 0 13 5.69 4.17 0 7.62 3.4 0
14 14 6.08 2.45 0 7.19 2.5 0 14 5.57 2.61 0 5.73 2.45 1.23
15 15 9.38 4.37 0 9.25 3.58 0 15 9.38 4.37 0 9.26 4.33 0
16 16 5.29 1.82 0 4.68 1.52 0 16 8.9 4.84 0 5.84 2.6 0
17 17 5.3 0.92 0 5.3 118 0 17 6.47 3.71 0 5.58 3.16 0
18 18 6.72 2.97 0 8.36 1.4 0 18 6.49 2.36 0 7.23 2.38 0
19 19 5.39 3.09 0 5.35 1.12 0 19 4.29 2.06 0 3.78 1.64 0
20 20 7.57 4.68 0 7.58 3.05 0 20 6.04 3.39 0 6.36 3.87 0
21 21 5.19 2.14 0 5.86 2.84 0 21 8.13 4.24 0 6.57 4.07 0
22 22 7.6 3.2 0 8.42 2.49 0 22 10.22 3.61 2.35 7.92 3.89 0
23 23 4.56 2.37 0 5.77 1.88 0.62 23 6.34 272 1.84 4.94 3.73 0.45
24 24 6.62 2.08 0 8.21 4.03 0 24 7.91 2.95 0 7.33 3.4 0
25 25 6.15 2.09 0 7.08 2.97 0 25 6.18 3.05 0 5.2 1.23 0
26 26 9.42 6.05 0 7.4 3.12 0 26 9.42 6.05 0 7.01 4.35 0
27 27 4.08 2.42 0 3.59 1.76 0 27 5.22 4 0 5.39 2.8 0
28 28 5.9 4.12 0 4.68 1.63 0 28 5.93 4.96 1.37 6.01 3.97 0
29 29 6.07 4.04 0.5 4.07 1.18 1.31 29 7.49 5.13 0 3.3 2.55 0
30 30 2.72 1.49 0 1.94 0.33 0 30 6.19 4.03 0 0 0 0
31 31 3.13 1.52 0 4.69 2.99 0 31 6.61 2.8 0 5.93 2.38 0
32 32 6.39 3.58 0 4.03 1.01 0 32 7.01 5.29 117 8.17 4.65 0
33 33 4.47 2.28 0 3.79 1.48 0 33 6.74 3.87 0 0 0 0
34 34 7.12 2.26 0 7.77 1.25 1.5 34 10.07 3.08 1.78 7.29 1.59 1.57
35 36 7.1 3.15 1.39 7.58 2.66 0 36 6.84 3.81 0.5 5.8 3.13 0
36 |AVERAGES 6.0187879 3.0221212 0.1363636 6.1154545 2.2318182 0.1669697 AVERAGES = 6.8936364 3.7345455 0.3954545 5.9609091 2.9281818 0.2078788
37 STD DEV 1.52502 1.2512787 0.3507387 1.8242997  1.042858 0.4188413 STD DEV 1.4646284 0.9947616  0.678238 2.1246946 1.3046682 0.4852561

38 TTEST2tailec 0.0011185 0.0012489 0.0382213 0.5836885 0.0021988 0.6542931

Figure 21: Photoshop-based measurements. D -CEJ: Distal
papilla base (aka, “papilla width”) measured from gingival
zeniths of adjacent teeth. DPAP H: Height of the distal papilla as



measured from D CEJ-CEJ to the papilla tip. Similar
measurement landmarks are used for M CEJ-CEJ, MPAP H
height.

Figure 22: Clinical photo samples.



Implant
papilla ST Tooth papilla
Patient # thickness ST thickness

1 1.63 1.89
2 2.55 0.79
3 2.08 0.93
4 17 1.15
5 3.58 1.43
6 3.94 1.19
7 2.04 1.29
8 3.09 0.86
9 1.9 1.53
10 1.39 1.43
11 2.54 1.55
12 1.22 1.08
13 2.7 1.81
14 1.18 0.66
15 2.15 1.52
16 2.96 1.48
17 2.2 0.93
18 2.29 1.64
19 2.82 2.33
20 2.14 1.7
21 2.71 1.06
22 3.1 2.13
23 2.29 0.63
24 1.13 1.68
25 2.18 1.75
26 3.52 2.28
27 2.18 0.41
28 2.79 1.37
29 1.87 1.46
30 1.97 1.11
31 1.54 0.99
32 2.38 141
33 2.32 1.83
Average 2.30545455 1.37272727
Stdev 0.68788213 0.46673248
TTEST: 2.3876E-08

Figure 23: Papilla thickness comparison between implants and natural teeth, obtained via

ultrasonographic analysisExample of sagittal “slice” sections in Horos software.




Figure 24: Color measurement zones. Each zone measured 2x2 mm. From left to right: Free
mucosal margin, supracrestal tissue adhesion, MGJ, mucosa apical to MGJ, mesial and
distal papillae.
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Figure 25: Visualization of the color averages of the different implant zones.
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Figure 26: Visualization of the color averages of the different tooth zones.



Figure 27: Implant exhibiting an implant-supported crown surrounded by healthy peri-

implant mucosal tissues at the #8 site.



