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ABSTRACT

Objectives: Plasma surface activation of dental implants has been proposed to enhance osseointegration by improving
titanium surface chemistry. However, clinical data in humans remain limited. This randomized controlled clinical trial aimed
to evaluate the effect of vacuum plasma treatment applied to titanium implants immediately prior to insertion on their stability
pattern during the early phases of healing in human subjects.

Material and Methods: In this single-blind, split-mouth randomized controlled trial, 24 patients requiring two contralateral
implants were enrolled. Each patient received one plasma-treated implant and one untreated control implant. Vacuum plasma
activation was performed immediately before insertion using a specific system (Plasma X® Motion - MegaGen Implant Co.,
Ltd.). Implant stability was assessed at placement and at 7, 14, 21, 28, 42, 60, and 90 days using resonance frequency analysis
(implant stability quotient [ISQ]).

Results: All 48 implants achieved osseointegration at 90 days, with no adverse events or complications. Mean insertion
torque did not differ significantly between groups (P = 0.86). Both groups exhibited a typical initial reduction in stability,
with the lowest ISQ values at 21 days. Plasma-treated implants showed a more favourable recovery pattern, with significantly
higher ISQ values than controls at 60 and 90 days (P = 0.04 and P = 0.03, respectively). The absolute difference in ISQ values
between groups remained limited.

Conclusions: Vacuum plasma activation of titanium implants may contribute to a more favourable early stability pattern,
although both plasma-treated and untreated implants demonstrated predictable osseointegration outcomes. Further research
with larger cohorts and longer follow-up is needed to assess the clinical significance of these findings.
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INTRODUCTION

Modern implant designs have undergone extensive
improvement over the past decades, with particular

emphasis on optimizing surface morphology,
chemistry, and macro-geometry to promote
osseointegration and enhance clinical outcomes

[1-3]. Among the critical determinants of successful
osseointegration, surface topography and surface
chemistry are recognized as pivotal factors
modulating the complex interplay between the implant
and surrounding biological tissues [4-6]. Numerous
surface modification strategies have been developed
to promote and accelerate the integration of titanium
implants with host bone, including grit blasting, acid
etching, anodization, calcium phosphate deposition,
and functionalization with bioactive molecules
[7,8]. These approaches are primarily designed to
enhance early cell attachment, promote osteoblastic
differentiation, and facilitate the formation of a
stable bone-implant interface. In addition to the
critical role of micro- and nano-topography in
promoting mechanical interlocking and favourable
biological responses, surface chemistry has emerged
as an equally crucial factor in achieving successful
implant integration. Specifically, the oxidation state
and chemical composition of the titanium surface
play critical roles in influencing protein adsorption,
cell adhesion, and subsequent bone healing [9]. It
is well established that oxidized titanium surfaces
demonstrate superior osteoconductive properties
compared to untreated metallic titanium. However, a
significant limitation arises from the phenomenon of
time-dependent surface degradation, often referred
to as “biologic aging”, whereby titanium surfaces
progressively accumulate hydrocarbons and organic
contaminants from the ambient environment [10,11].
This accumulation leads to the deterioration of surface
bioactivity, reducing the surface hydrophilicity and
its capacity to promote optimal osseointegration,
independent of its initial roughness or topography
[12].

Biologic aging is characterized by a gradual shift
from a super-hydrophilic to a hydrophobic surface
state, which diminishes the surface ability to
interact with water and biological fluids, thereby
impairing protein adsorption, osteogenic cell
adhesion, and early bone healing events [13,14].
The phenomenon of photocatalytic activation
of titanium dioxide (TiO,) by ultraviolet (UV)
light, first identified in 1997 [15], has been shown
to effectively reverse surface hydrophobicity
and restore super-hydrophilic properties.
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This effect is attributed to the photoinduced
decomposition of hydrocarbon contaminants and
the concomitant densification of the oxide layer,
resulting in a highly reactive titanium surface
[16].

In addition to UV photo functionalization, plasma-
based surface modification techniques have been
extensively investigated for their ability to enhance
titanium surface properties. Plasma treatments
utilize ionized gases (e.g., oxygen, argon, nitrogen,
or air) within a vacuum system to generate plasma,
which effectively removes organic contaminants
improving hydrophilicity [17]. Plasma treatment of
titanium surfaces has been shown to significantly
enhance hydrophilicity by increasing surface free
energy, resulting in a pronounced reduction in
water contact angles. Following plasma activation,
the contact angle decreases from 70° to 120° on
untreated surfaces to as low as 0° to 10°. This
improvement in wettability is consistently observed
regardless of the plasma gas composition, exposure
duration, or initial surface roughness [18-20]. The
biological outcome is a marked enhancement in
in vitro performance, characterized by improved
adhesion and proliferation of osteoblasts, fibroblasts,
and mesenchymal stem cells, along with increased
deposition of extracellular matrix proteins [21,22].
Furthermore, plasma activation has been shown to
upregulate osteogenic signaling pathways, including
the enhanced release of cytokines and growth factors
conducive to bone regeneration and wound healing
[23].

Despite the evidence supporting plasma-induced
surface modifications in vitro, a significant gap
remains regarding the translation of these findings
into clinical practice, as few studies have examined
the in vivo effects of plasma-treated surfaces in human
subjects under controlled conditions [24]. Therefore,
the present split-mouth randomized controlled clinical
trial was designed to evaluate the impact of plasma-
induced surface modification on the stability pattern
of titanium implants placed in human subjects. In
this study, each participant received both plasma-
activated and non-activated implants in a controlled
intra-individual comparison. Implant stability was
assessed using standardized measurements over
a 90-day period following insertion, allowing for
longitudinal evaluation of both primary and secondary
stability. The null hypothesis (H)) tested in this
investigation was that no statistically significant
differences in primary or secondary stability would
be observed between plasma-treated and untreated
titanium implants throughout the 90-day follow-up
period.
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MATERIAL AND METHODS
Study design

This study was designed as a multicenter, single-blind,
split-mouth, randomized controlled clinical trial with
balanced (1 : 1) randomization. It was conducted by
three experienced operators (C.S. [Gorizia, Italy],
M.M. [Forli, Italy], T.L. [Cassano allo Ionio, Italy]),
who enrolled and treated patients in private clinics
between June 24, and November 5, 2024. The trial
was reported in accordance with the Consolidated
Standards of Reporting Trials (CONSORT) guidelines.
The study protocol was developed following the
ethical principles outlined in the Fortaleza revision
of the Declaration of Helsinki for research involving
human subjects (64" WMA General Assembly,
Fortaleza, Brazil, October 2013). Ethical approval
was granted by the local committee - Comitato Etico
Unico Regionale Friuli Venezia Giulia (no. CEUR-
2024-IND-9). The trial was retrospectively registered
in a public clinical trial registry - ClinicalTrials.gov
(registration no. NCT06808724). Prior to the study
initiation, a calibration meeting was held among all
participating centers to discuss and standardize the
operative protocols. Written instructions detailing the
collection of experimental parameters were provided
to each clinician to ensure consistent inter-examiner
reliability. All participants received comprehensive
information about the study protocol, the proposed
treatment and its alternatives, as well as any potential
risks. Informed consent was obtained in writing from
all patients, who also authorized the use of their data
for research purposes.

Patient selection

All partially edentulous patients requiring the
placement of two contralateral implants in pristine
bone within the same arch were screened at the
clinical centers for potential inclusion in this trial.

Inclusion criteria

e Indication for two contralateral implants in the
same arch, based on a thorough diagnosis and
treatment plan;

*  Presence of a residual alveolar ridge with a
minimum available bone height of 8 mm and a
minimum width of 6 mm at the planned implant
sites, ensuring adequate dimensions for implant
placement;

e The alveolar ridge must be fully healed (at
least 6 months after the loss or extraction of the
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corresponding tooth);

* Absence of regenerated bone;

* Plaque index lower than 25% and bleeding index
lower than 20%;

* Buccolingual width of keratinized gingiva > 4
mm;

» Patient age > 18 years;

» Patients must be able to review and understand
the study protocol;

» Signed informed consent.

General exclusion criteria

*  Myocardial infarction within the past 6 months;

*  Uncontrolled coagulation disorders;

*  Uncontrolled metabolic disorders;

* Radiotherapy in the head and neck region within
the past 24 months;

 Current or past treatment with antiresorptive
medications;

*  Pregnancy;

* Poor motivation or unwillingness
follow-up visits;

* Alcohol or substance abuse.

to attend

Local exclusion criteria

* Presence of untreated periodontal disease;
* Final implant insertion torque < 25 Ncm.

Vacuum plasma surface treatment

Implants allocated to the test group underwent
vacuum plasma treatment immediately prior to
placement. Each implant was retrieved from its sterile
vial using a surgical mount and placed within a sealed
plastic chamber of a specifically designed device
- Plasma X® Motion (MegaGen Implant Co., Ltd.;
Gyeongbuk, South Korea). A vacuum pump reduced
the internal pressure to below 10 torr to remove air
and surface contaminants. Once the vacuum was
established, the implant was automatically connected
to a high-voltage electrode delivering up to 3 kV in a
dielectric barrier discharge configuration, generating
plasma under low-pressure conditions (< 13 mbar).
Each plasma treatment cycle lasted approximately
50 seconds, during which plasma discharge further
cleaned and activated the implant surface. The
system operated in a closed environment, without the
introduction of external gases.

Surgical procedures

All patients received antibiotic and analgesic therapy,
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consisting of 2 g of amoxicillin (Zimox® - Pfizer Inc.;
New York, USA) administered 1 hour prior to surgery,
followed by 1 g of amoxicillin every 12 hours for 6
days (for penicillin-allergic patients, clarithromycin
250 mg twice daily [Klacid® - Abbott Laboratories;
Illinois, USA] was prescribed). Ketoprofen lysine salt
80 mg (Oki® - Dompé Farmaceutici S.p.A.; Milano,
Italy) was administered as needed for pain control.
Under local anaesthesia (4% articaine with adrenaline
1 : 100.000 [Articaina Ogna® - Ogna Lab S.r.l;
Muggio, Italy]) a mid-crestal longitudinal incision was
performed, ensuring the preservation of keratinized
tissue. Implant osteotomies were performed at a
minimum distance of 3 mm from adjacent teeth
or implants, ensuring that at least 1 mm of bone
surrounded the implants on both buccal and lingual
aspects. The same drilling sequence was applied to
both sites, with preparation for subcrestal placement
of 2 mm. After opening the randomization envelopes,
each patient received two identical titanium-grade-4
implants: 4 x 7 mm, 4 x 8.5 mm, 4 x 10 mm or 4 x
11.5 mm (AnyRidge® implants - MegaGen Implant
Co., Ltd.). The implant surface treatment consisted in
the incorporation of calcium ions into a sandblasted,
large-grit, acid-etched (SLA) titanium substrate,
generating a nanostructured calcium titanate layer
chemically bonded to the implant surface (Xpeed® -
MegaGen Implant Co., Ltd.). The test implant was
treated immediately prior to insertion with a vacuum
plasma device (Plasma X® Motion - MegaGen Implant
Co., Ltd.) (Figure 1), while the control implant was
inserted without any additional treatment.

The final insertion torque was recorded using
a surgical motor (Implantmed Si-1023 - W&H
Dentalwerk Biirmoos GmbH; Biirmoos, Austria). If
an implant showed an insertion torque below 25 Ncm,
the patient was excluded from the study. Immediately
after implant placement, straight transepithelial
abutments (AnyRidge® Octa - MegaGen Implant Co.,
Ltd.; Gyeongbuk, South Korea) measuring 3 mm in
height were connected to the fixture with a torque of
25 Nem. An independent assessor measured Implant
Stability Quotient (ISQ) values at the abutment level
in mesio-distal, disto-mesial, bucco-lingual, and
linguo-buccal directions using a resonance frequency
analysis device - Osstell™ Beacon® (Osstell AB;
Gothenburg, Sweden) with a specific transducer
tightened to 5 Ncm (SmartPeg #74). For each implant,
two ISQ wvalues were recorded: a mesial value,
calculated as the average of mesio-distal and disto-
mesial measurements, and a buccal value, calculated
as the average of bucco-lingual and linguo-buccal
measurements. The flap was then sutured around the
transepithelial abutments caps with single stitches
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and the Sentineri technique [25] using a synthetic
monofilament, to allow for non-submerged healing.
Sutures were removed 7 days after surgery and ISQ
measurements were repeated by the same assessor
at 7, 14, 21, 28, 42, 60, and 90 days postoperatively,
following the same standardized protocol. After 4
months, implants were restored with screw-retained
prostheses by a prosthodontist. Following prosthetic
rehabilitation,  patients  received  personalized
oral hygiene instructions and were enrolled in a
maintenance program with periodic recall visits to
ensure peri-implant health.

Predictor and outcome variables

The primary independent variable was pre-operative
implant surface activation using vacuum plasma
device (treatment vs. no treatment).

Primary outcome measures:

* Implant osseointegration;

* Pattern of implant secondary stability assessed
over the first 90 days following implant
placement, as measured by ISQ values.

Secondary outcome measure:

*  Occurrence of any complications or adverse
events throughout the study period.

Sample size and randomization

Sample size calculation was performed using a web-
based software tool (SampSize App - The University
of Sheffield; Sheffield, England, UK [https://app.
sampsize.org.uk]). A total of 9 patients (18 implants)
was determined to be necessary to detect a statistically
significant difference in implant stability (ISQ values)
at 4 weeks between the two groups (a = 0.05; power =
0.95), based on the expected difference in ISQ values
derived from a recent study (3.64 [SD 2.48]) [26].

Figure 1. Vacuum plasma treatment of the implant inserted
on a surgical mount immediately before insertion.

J Oral Maxillofac Res 2025 (Apr-Jun) | vol. 16 | No 2 | e5 | p.4
(page number not for citation purposes)


http://www.ejomr.org/JOMR/archives/2025/2/e5/v16n2e5ht.htm
https://app.sampsize.org.uk
https://app.sampsize.org.uk

JOURNAL OF ORAL & MAXILLOFACIAL RESEARCH

Stacchi et al.

Randomization was conducted by an independent
investigator (A.R.), not involved in patient selection
or treatment. A computer-generated randomization
sequence was created using a balanced, randomly
permuted block method (Random.org - Randomness
and Integrity Services Ltd.; Dublin, Ireland [www.
random.org]) to assign the two implants placed in
each patient to either the test group or the control
group. Implants allocated to the test group underwent
vacuum plasma surface activation immediately before
placement, while implants assigned to the control
group were inserted without any surface treatment.
Randomization codes were enclosed in numbered,
identical, sealed, opaque envelopes, which were
opened only after implant site preparation to ensure
allocation concealment. The investigator performing
the ISQ measurements was blinded to the allocation
of implants to ensure unbiased assessment throughout
the study period.

Statistical analysis

Data analysis was performed by an independent
investigator (A.R.) using SPSS® Statistics version 26.0

(IBM Corp.; Armonk, New York, USA). Since no
significant differences were detected between mesial
and buccal ISQ values at any time point, implant
stability was expressed as a single value, calculated
as the mean of mesial and buccal measurements. The
Shapiro-Wilk test was used to assess data normality.
Longitudinal intra-group comparisons were analysed
using the Friedman test, while inter-group comparisons
were performed using the two-sample Wilcoxon rank-
sum test. For torque values, which followed a normal
distribution, inter-group differences were evaluated
using the t-test for independent samples. P < 0.05 was
considered indicative of statistical significance.

RESULTS
Study population

A total of 31 consecutive patients were screened
for eligibility, and after the application of inclusion
and exclusion criteria, 24 patients (18 males and
6 females; age range 39 to 78 years; 58.1[SD
10.3] years; 11 smokers and 13 non-smokers)
were enrolled in the present study (Figure 2).

[ Enrollment ]

- Sites (n = 62)

Assessed for eligibility:
- Subjects (n = 31);

Excluded:
- Subjects not meeting inclusion criteria (n = 7);

A 4

- Sites not meeting inclusion criteria (n = 14)

Randomized sites (n =48)

'

A4 [ Allocation ] v
Allocated to plasma activated: Allocated to no plasma activated:
- Sites (n = 24) - Sites (n = 24)
v [ Follow-Up ] l
Lost to follow-up Lost to follow-up
(n=0) (n=0)
v [ Analysis } v
Analysed sites Analysed sites
(n=24) (n=24)

Figure 2. CONSORT flow chart with description of study design and study groups.
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Each participant received two identical implants, for
a total of 48 implants placed. Of these, 20 implants
were inserted in the maxilla and 28 in the mandible.
Regarding implant lengths, 2 patients received 7
mm-long implants, 9 patients received 8.5 mm-long
implants, 12 patients received 10 mm-long implants,
and 1 patient received 11.5 mm-long implants
(Table 1).

All surgical procedures were performed by three
experienced clinicians: 10 patients (C.S.); 6 patients
(M.M.); 8 patients (T.L.). No dropouts or losses to
follow-up were recorded throughout the study period.

Clinical outcomes

At 90 days post-placement, all 48 implants achieved
successful osseointegration and were referred for
prosthetic rehabilitation. No failures, complications,
or adverse events, ecither local or systemic, were
reported throughout the study period.

The mean peak insertion torque for all implants was
49.4(SD 14) Ncem (range 25 to 80 Ncm). In the test
group, the mean insertion torque was 49.7 (SD 13.9)
Ncm (range 27 to 80 Ncm), while in the control group
it was 49 (SD 14.4) Ncm (range 25 to 80 Ncm). T-test
for independent samples revealed no statistically
significant difference between groups (P = 0.86).

No significant differences in mean ISQ values at
baseline were observed between the test group
(74.8[SD 10.5]) and the control group (77.1 [SD
9]) (two sample Wilcoxon rank-sum test, P = 0.41).
Implant stability decreased in both groups during
the first three weeks of healing. The lowest stability
was observed at 21 days post-insertion, with a mean
ISQ of 71.3(SD 11.2) in the test group, representing
a 4.7% reduction from the mean primary stability,
and a mean ISQ of 71.1(SD 14.2) in the control
group, corresponding to a 7.8% reduction from the
mean primary stability (Table 2). Following the third
week, implant stability progressively increased in
both groups. However, only the test group implants
demonstrated ISQ values at 60 and 90 days that were
higher than their initial baseline stability (Figure 3
and 4).

Inter-group comparisons, assessed using the two-
sample Wilcoxon rank-sum test, revealed no
statistically significant differences in ISQ values
between the test and control groups from baseline
(day 0) to day 42. However, at 60 and 90 days
post-placement, ISQ values in the test group were
significantly higher than those in the control group
(P = 0.04 and P = 0.03, respectively). Intra-group
analyses, performed using the Friedman test,
identified significant changes in ISQ values over time
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Table 1. Baseline demographic and clinical characteristics

Male 18 75%
Gender

Female 6 44.4%

Mean (SD) 58.1(SD 10.3)
Age (years)

Range 39t0 78

Smokers 11 45.8%
Smoking status

Non-smokers 13 54.2%

Maxilla 20 41.7%
Surgical site -

Mandible 28 58.3%

7 mm 2 patients 8.3%
Implant 8.5 mm 9 patients | 37.5%
length 10 mm 12 patients | 50%

11.5 mm 1 patient 4.2%

Table 2. Implant stability quotient values over time in test and
control group with relative inter- and intra-group comparisons

Control Test
Non activated | Plasma activated | P-value
Mean (SD) Mean (SD)

Baseline 77.1(9) 74.8 (10.5) 0.41
7 days 75.0 (9.9) 74.3 (10.9) 0.77
14 days 71.9 (16.3) 71.7 (12.4) 0.65
21 days 71.1 (14.2) 71.3 (11.2) 0.97
28 days 71.3 (12.3) 71.8 (10.6) 0.7
42 days 72.5 (9.6) 73.2 (10) 0.38
60 days 74.0 (9) 75.9 (8.9) 0.042
90 days 76.5 (8.2) 77.2 (8.8) 0.03*
P-value 0.000° 0.000°

aStatistically significant at level P < 0.05 (two sample Wilcoxon
rank-sum test).

bStatistically significant at level P < 0.05 (Friedman test).

SD = standard deviation.

within both groups throughout the entire observation
period. A detailed summary of the results is provided
in Table 2.

DISCUSSION

The present split-mouth randomized controlled
clinical trial aimed to evaluate the effect of vacuum
plasma treatment on early implant stability
in partially edentulous patients. The findings
demonstrated that while both plasma-treated and
untreated implants exhibited a characteristic initial
decrease in stability during the first three weeks
post-placement [27], implants subjected to plasma
activation showed a superior recovery pattern,
with statistically significant higher ISQ values
at 60 and 90 days compared to control implants.
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Figure 3. Implant stability quotient values from implant placement (T0) to 90 days of healing (T90) in test and control group.
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Figure 4. Implant stability pattern (%) from implant placement (TO0) to 90 days of healing (T90) in test and control group.

Importantly, all implants achieved successful
osseointegration at 90 days, with no adverse events
reported, confirming the high predictability of implant
integration in both plasma-treated and untreated sites.
Therefore, based on the observed results, the null
hypothesis of no significant difference in implant
stability between plasma-treated and untreated
implants was rejected at 60 and 90 days.

These findings align with existing preclinical and
in vitro studies indicating that plasma treatment of
the implant surface can have a positive effect on
osseointegration by increasing hydrophilicity of the
implant [17,21]. The hydrophilicity of the implant
is a crucial factor to promote osseointegration, as a
hydrophilic surface has a higher affinity for proteins
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than a hydrophobic surface. Stable adsorption of
proteins can affect the ability of cells to adhere
and migrate to the implant surface. In addition,
high hydrophilicity can promote differentiation
and maturation of osteoblasts, thereby promoting
osseointegration [28]. Plasma treatment has been
reported to significantly increase surface free energy,
as demonstrated by Hauser et al. [17], who observed
an increase from 16.5 to 55.6 mN/m after argon/
oxygen plasma treatment: this substantial increase
in wettability has been linked to improved protein
adsorption and cell adhesion, both of which are
crucial for enhancing osseointegration.

Plasma activation restores the hydrophilicity
of titanium surfaces by removing hydrocarbon
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contaminants and generating a more reactive oxide
layer; this surface rejuvenation is particularly
relevant for overcoming the effects of “biologic
aging”, a phenomenon characterized by the
progressive accumulation of organic contaminants
that compromise the bioactivity and osteoconductive
potential of titanium over time [10,11,16,22]. A
crucial aspect of implant surface aging that often
goes unaddressed is the occurrence of biological
aging even when implants are stored in sealed
sterile packaging. Despite being isolated from
external environmental contaminants, titanium
implants can still experience gradual hydrocarbon
accumulation due to residual air within the sterile
vial or outgassing from the packaging materials. This
spontaneous adsorption of organic molecules leads
to a progressive loss of surface hydrophilicity and
bioactivity, as showed by Att et al. [10] and Hori et
al. [11]. Therefore, even under sterile conditions, the
phenomenon of biological aging can compromise
the bioactive properties of the implant surface over
time. This underscores the importance of performing
surface reactivation treatments, such as plasma
activation or UV photofunctionalization, immediately
before implantation to restore surface wettability
and enhance osseointegration potential. The present
clinical data confirm that plasma activation may
counteract the negative effects of biologic aging, as
evidenced by the significant increase in ISQ values
in the test group compared to controls during the
healing phase. Interestingly, the test implants not
only recovered from the initial stability dip but also
surpassed baseline ISQ values by 60 and 90 days,
indicating an accelerated and potentially higher-
quality osseointegration process. This finding is in
agreement with the recent histological human study
by Makary et al. [24], which demonstrated that
plasma-treated implants exhibited a significantly
higher bone-to-implant contact rate of 38.7%,
compared to 22.4% for untreated implants, thus
confirming the enhanced osseointegration potential
associated with plasma activation. This suggests
that plasma-treated implants may achieve higher
secondary stability within a shorter healing window,
which could have meaningful implications for
reducing treatment times and supporting early loading
protocols in clinical practice. Moreover, the lack of
significant differences in implant insertion torque
between the two groups confirms that the observed
effects on stability were not influenced by different
primary mechanical anchorage but likely attributable
to surface chemical modifications induced by plasma
activation.

However, some limitations should be acknowledged.
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First, although the sample size was calculated based
on expected differences in ISQ, the relatively limited
number of patients may still affect the generalizability
of the results. Second, the follow-up period was
restricted to 90 days, and longer-term evaluations are
necessary to determine whether the observed benefits
of plasma activation persist over time and translate
into improved long-term survival and success rates.
Third, the ISQ differences between test and control
implants, despite reaching statistical significance,
were limited to a few points. Although this suggests
a measurable biological effect, its clinical relevance
may be limited, as both groups achieved stability
levels consistent with successful osseointegration, as
also demonstrated in previous animal studies [29].
Furthermore, it is important to note that this study
specifically evaluated vacuum plasma treatment on a
nanostructured calcium-incorporated titanium surface.
Therefore, these findings should not be generalized
to implants with different surface treatments, which
may elicit divergent biological outcomes. Future
large-scale, multicenter clinical trials with extended
follow-up are warranted to determine whether
these differences translate into meaningful clinical
advantages, such as earlier loading or improved long-
term outcomes.

CONCLUSIONS

Within the limitations of this randomized controlled
clinical trial, the findings suggest that vacuum plasma
treatment of titanium implants, applied immediately
before placement, may positively influence implant
stability during the intermediate phases of healing.
While no significant differences were observed during
the initial dip in implant stability quotient values,
plasma-treated implants demonstrated significantly
higher stability at 60 and 90 days compared to
untreated implants. These results partially reject the
null hypothesis, which stated that no differences in
stability patterns would exist between groups. The
observed improvements in the test group may indicate
a potential clinical benefit of surface activation
techniques in supporting early functional loading
protocols. Further studies with larger cohorts and
long-term follow-up are warranted to confirm and
expand upon these findings.

As a future perspective, it could be an interesting
and promising approach to consider that implant
stability patterns are influenced not only by implant
surface modifications but also by site preparation
techniques. For example, ultrasonic implant site
preparation has been shown to preserve bone integrity
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and minimize surgical trauma, potentially enhancing
early stability and reducing the typical post-placement
stability dip [30-33]. Future studies could explore
whether combining plasma activation with minimally
invasive site preparation methods may further
optimize early implant stability, particularly in more
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