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CHAPTER 1
Introduction

Dental implant therapy has become an integral part of care in modern dentistry, with predictable
outcomes based on advancements in surgical technique, biomaterials, and implant design.
Among the key determinants of long-term success is implant stability, both at placement and
throughout healing. Measuring implant stability allows clinicians to determine optimal timing for
restoration, assess risk of failure, and compare treatment approaches. While resonance frequency
analysis (RFA) using devices like Osstell has become well-established, the emergence of
damping capacity analysis (DCA) methods such as the IST device offers clinicians a potentially
simpler, non-invasive alternative that may preserve crestal bone by avoiding abutment removal.
This study focuses on correlating implant insertion torque values—a mechanical measure of
stability—with Implant Stability Test (IST) values. Establishing a clear relationship between
these variables may improve clinical decision-making, particularly in cases with low initial
torque, by validating IST as a reliable, minimally disruptive measure of implant stability.

Dental Implant History

The origins of dental implantology can be traced back to ancient civilizations. As early as 2500
BCE, Egyptians attempted to replace missing teeth using materials such as gold, ivory, and
animal bones, often secured with ligature wires. One of the earliest documented examples of
dental implants comes from the Mayan civilization around 600 AD, where seashell fragments
were surgically embedded into the mandible to replace anterior teeth. Furthermore, evidence
from Honduras in 800 AD shows the implantation of carved stone implants for similar purposes.!
From the 1500s to the 1800s, allotransplantation became more common, with donor teeth
sourced from cadavers or the underprivileged. This period also saw experimentation with a wide
array of implant materials, including silver capsules, gold implant tubes, corrugated porcelain,
and iridium tubes. The 20th century marked a significant turning point in the evolution of dental
implantology. Implants were fabricated out of platinum-iridium soldered with 24 karat gold
designs using platinum-iridium and vitallium (a cobalt-chromium alloy), which were modelled

after hip implants. These implants were placed and restored in both humans and dogs. The first



successful endosteal implant is credited to the Strock brothers, which laid the foundation for
modern implant therapy. Variations of early implant design included the introduction of various
materials such as stainless steel, chromium cobalt, and aluminum implants as well as variations
in design such as spiral-threads, flat abutments over the ridge fixed with screws, blade implants,
and transosteal implants all in an attempt to better understand how materials and designs affect
implant survival.!

In modern-day implant dentistry, Brdnemark in 1952 studied bone healing and blood
circulation and placed titanium chambers into the femur of a rabbit to observe blood flow
through a microscope. Months later, he found that the titanium fixtures were unable to be
removed as the titanium had been bonded to the bone.? This event sparked further research into
the concept of “osseointegration” which was defined as a direct — on a light microscopic level —

contact between living bone and an implant.?

Implant Stability

A critical part of the overall success of a dental implant is the ability to achieve a stable
dental implant. Implant stability can be defined as the absence of clinical implant mobility and
consists of primary and secondary implant stability.* Primary stability includes the mechanical
attachment of an implant in the surrounding bone at its insertion, whereas secondary implant
stability is the tissue response to the implant and subsequent bone remodeling process. Primary
implant stability is known to be a crucial factor for successful osseointegration of dental
implants.>® Numerous studies show evidence of a positive correlation between primary implant
stability and implant success as success relies on the integration of the implants into the hard and
soft tissues.®”-% Secondary stability depends on primary stability and the literature shows that
secondary stability has been shown to increase 4 weeks following implant placement.!%!! Peri-
implant osteogenesis consists of postsurgical remodeling of bone and the initiation and
progression of de novo bone formation which is represented as a reduction in primary stability
and development of secondary stability, respectively.!?!314 The rate of losing primary stability is
known to be faster than the development of secondary stability and, thereby, causes a merging
gap between the two processes to maintain overall implant stability, resulting in the occurrence

of a stability dip.!>!4



Insertion Torque and Primary Implant Stability

There are various clinical methods available to measure implant stability; however, the literature
does not support the use of any single method alone to give accurate measurement of stability.
One well-accepted quantitative method to assess primary implant stability is measuring the
implant’s insertion torque.'” Insertion torque can be defined as the force used to insert a dental
implant.' Insertion torque can vary in range anywhere from low values such as 0 Ncm to high
values such as >50 Ncm. Generally, insertion torque is in the range of 30 to 60 Ncm. Implants
with an insertion torque of 35 Ncm and higher is considered a good indicator of primary stability
and this range of torque values suggests that implant osseointegration will occur.'® Implants that
are placed with insertion torque values that are <35 Ncm would be considered low, but are
generally still clinically acceptable for implant placement without any significant effects on

survival.!”

Resonance Frequency Analysis & Damping Capacity Assessment - IST Device and Osstell
Device

Implant stability can be assessed using various methods — Two that are common in practice are
resonance frequency analysis (RFA) and damping capacity assessment (DCA).'® Osstell®
(Gothenburg, Sweden) is an RFA device released in 1999 that operates by producing an electric
or magnetic impulse that excites a transducer connected to the implant; the resultant oscillation
causes a minor implant displacement laterally, with the conversion of the resonance frequency
value to an implant stability quotient (ISQ).!° The unit of measurement in this approach is the
implant stability quotient (ISQ) which is calculated form the resonance frequency and ranges

from 0 to 100 units with increasing stiffness of the interface.?%?!

DCA devices work when the device handpiece with a metal slug is accelerated toward an
implant or implant-connector piece by an electromagnet. The duration of contact between the
slug and implant is measured using an accelerometer.?”> AnyCheck is a DCA device released in
2017 by Neobiotech® (Seoul, South Korea) that measures the stiffness of the alveolar bone-
implant interface through this percussion motion against an implant’s healing abutment. This

measurement can help a clinician assess implant stability at the time of placement and post-



operatively. The measurement scale is termed IST (Implant Stability Test) and ranges from 0-
100 units and is similar to values such as ISQ (Implant Stability Quotient) from Osstell with
greater values suggesting a more stable implant.?? The device impacts the implant’s healing
abutment six times in three seconds and includes an automatic safety mechanism where if IST
value is 59 or lower, the built-in safety mechanism stops operating after two taps to prevent harm
to the site.?* In clinical practice, an IST of 1-59 suggests poor stability, 60-64 suggests
intermediate stability, and >65 suggests good stability.? In-vitro studies such as Lee et al.,
(2020) showed a high correlation coefficient of 0.981 with a statistical significance between ISQ
and IST values.?* Another in-vitro study from Lee et al. (2020) found no significant differences
between IST and ISQ measurements in 216 implants placed in porcine rib bone.?* Furthermore, a
study from Okuhama et al. (2022) compared IST and ISQ measurements from 10 patients and

also found IST values were consistent with ISQ values.?¢

Benefits of the IST Device and the “One Abutment One Time” Protocol

The Osstell device requires a transducer (“Smartpeg”) to be connected to the internal implant
connection to take measurements and also requires that the healing abutment be removed during
the healing process to obtain these ISQ measurements. In addition, Smartpegs are single-use and

can not be sterilized for re-use in subsequent cases.

The literature shows that repeated removal of the healing abutment can result in increased risk of
bone resorption. Abrahamsson et al. (1997) published a histological study with a test group
where they connected and disconnected the healing screw once every 6 months and a control
group where the abutment was kept intact. The results showed statistically significant greater
bone loss and recession of the peri-implant mucosa on the test group subjects than the control
group.?’ This “One Abutment, One Time” protocol has been further studied in animals (Becker
etal. (2012), Rodriguez et al. (2013), Alves et al. (2015)) and humans (Canullo et al. (2010),
Degidi et al. (2011), Grandi et al. (2012), Koutouzis et al. (2013), Grandi et al. (2014), Degidi et
al. (2014), Luongo et al. (2015), Molina et al. (2017), Praga et al. (2020)) where this protocol
results in less peri-implant bone loss compared to groups with multiple abutment connections
and disconnections.?® Thus, a product such as the IST device that does not require the removal

of the healing abutment for measurements can have potential benefits to assess implant stability



without compromising crestal bone levels and requiring the use of a separate single-use

transducer for implant stability measurements.

IST Measurements with Varying Healing Abutment Heights and Diameters

Park et al. (2018) placed 60 implants in artificial bone blocks. They used 2 mm, 3 mm, 4 mm,
and 5 mm height healing abutments on 15 specimens each.*’ Insertion torque value and IST
values were measured. Insertion torque value was controlled between 45-55 Ncm. They also
checked IST and Periotest-M values measured at angles of 0 to 30 degrees to the horizontal
plane. Insertion torque value had no significant differences among groups. When healing
abutment height increased, IST values showed lower stability readings. When measurement
angle was decreased, IST showed lower stability readings. Furthermore, Lee et al. (2020)
compared 30 implants in artificial bone blocks with 10 Ncm, 15 Ncm, and 35 Ncem insertion
torque values and measured the ISQ and IST.?* Their group used 5 different diameters
(4.0,4.5,4.8,5.5, and 6.0 mm) healing abutments of the same height and measured implant
stability 4 times in different directions with the IST device. There were no significant differences
among IST values with different healing abutment diameters. Neobiotech states that variations in
diameter of healing abutments that are used do not affect IST measurements; however,
corrections must be made for healing abutment heights that are other than 4 mm. Specifically
they recommend for healing abutment heights that are 7 mm, IST must be corrected by a value of
+6. For healing abutments heights that are 6 mm, IST must be corrected by a value of +4. For
healing abutments heights that are 5 mm, IST must be corrected by a value of +2. For healing
abutments heights that are 3 mm, IST must be corrected by a value of -2. For healing abutments
heights that are 2 mm, IST must be corrected by a value of -4. Last, for healing abutments

heights that are 1 mm, IST must be corrected by a value of -6.2

Other Studies Using the IST Device (Correlation of IST Values and Bone Density Values
from Cone Beam Computed Tomography)
Current studies utilizing the IST device still remain limited. However, Al-Jamal & Al-Jumaily
(2021) aimed to look at bone density on CBCT and correlation with primary stability of implants
using IST.*! They looked at 40 implants placed in 16 patients and recorded pre-op bone density

with CBCT. Maximum insertion torque value of each implant was measured and compared to



primary stability using IST. They found a statistically significant correlation between bone

density value from CBCT with primary implant stability and insertion torque.

Problem Statement

Although RFA (e.g., Osstell) is well validated in clinical implantology, it requires the removal of
the healing abutment and the use of a single-use transducer. This step may interrupt the
development of the emergence profile and the soft tissue healing. The IST device, which uses
DCA to measure implant stability directly on the healing abutment, may overcome these
limitations. However, current clinical data directly correlating insertion torque, a predictor of
implant stability, and IST values remains limited. This presents a clinical gap in understanding
whether IST measurements can reliably indicate initial and progressive implant stability across

different torque conditions.

Purpose of the Study / Objectives

The purpose of this prospective cohort study is to evaluate the correlation between torque
values and IST measurements. The study also aims to assess how implant stability changes over

time in implants placed with high vs. low insertion torque.

Research Hypotheses

Null Hypothesis (Ho): There is no statistically significant difference in IST values over time

between implants placed with high vs. low initial insertion torque.

Alternative Hypothesis (H:): There is a statistically significant difference in IST values over
time between implants placed with high vs. low initial insertion torque. Specifically, implants
with higher torque values (>35 Ncm) will maintain consistently high IST readings throughout
healing, while implants with lower torque values (15-35 Ncm) will begin with lower IST
readings that increase over time due to osseointegration.

This study hypothesizes that: Implants placed with high initial insertion torque (greater than 35
Ncm) will demonstrate consistently high stability values (measured by IST) throughout the

healing period. Implants placed with lower initial torque (between 15-35 Ncm) will show lower



IST values at placement but will exhibit a gradual increase in stability over time as
osseointegration progresses. This directional hypothesis reflects clinical expectations regarding
implant healing and aims to validate whether IST measurements can reliably track these changes

across different torque conditions.

Significance of the Study

This study has important implications for clinical implant monitoring. If IST values correlate
closely with insertion torque and ISQ values, clinicians may adopt this non-invasive method
more confidently, particularly when attempting to reduce the number of abutment
disconnections. This aligns with the “One Abutment, One Time” protocol, which has been
shown to preserve peri-implant bone levels.?83? Additionally, the findings may assist in
determining stability thresholds for implants placed with low torque values, expanding treatment

protocols for compromised bone sites.

Scope and Limitations

This study includes 29 implants placed at the OHSU School of Dentistry using Straumann
SLActive implants, with standardized digital planning and healing abutments. Implants are
categorized based on insertion torque values (15-35 Ncm vs. >35 Nem) and measured at four
points (placement, 3 weeks, 6 weeks, and 3 months). While robust in design, this study is limited
by its single-center setting, use of a single implant system, and sample size. Long-term survival

data is not assessed.

Ethical Considerations

This study was reviewed and approved by the Institutional Review Board at Oregon Health &

Science University (IRB #STUDY00028205). Written informed consent was obtained from all
participants prior to inclusion. The study involves no more than minimal risk to patients, as the
IST device uses a low-force tapping mechanism and requires no additional surgical procedures.

Data is anonymized and securely stored. A copy of the consent form is included in the Appendix.
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CHAPTER 2

Abstract

Purpose: To evaluate longitudinal implant stability changes during healing using the Implant
Stability Test (IST) device and to investigate the relationship between insertion torque, IST

measurements, and Implant Stability Quotient (ISQ) values.

Materials and Methods: Twenty-nine Bone Level Tapered SLActive implants were
prospectively followed after implant placement. Implants were categorized into low insertion
torque (15-34 Ncm; n=7) and high insertion torque (=35 Ncm; n=22) groups. Implant stability
was assessed using damping capacity analysis (IST and adjusted IST) and resonance frequency
analysis (ISQ) at baseline, 6 weeks, and 12 weeks, with IST measurements additionally obtained
at 3 weeks. Longitudinal mixed-effects models were used to evaluate factors associated with

implant stability during healing.

Results: IST and adjusted IST measurements demonstrated an initial decrease during early
healing followed by progressive recovery, consistent with the transition from primary to
secondary stability. Implants placed with lower insertion torque values demonstrated lower
baseline stability measurements but achieved stability values comparable to those of higher-
torque implants by 12 weeks. Strong positive correlations were observed between IST-derived
measurements and [SQ values, with the strongest correlation identified between adjusted IST and
ISQ (r=0.921, p<0.001). Implant diameter significantly influenced stability outcomes, with 3.3 -
mm implants demonstrating lower stability values than 4.1-mm and 4.8-mm implants. Healing

abutment height and implant site were significant contributors to adjusted IST measurements.



Conclusions: Implant stability changed significantly during healing and demonstrated strong
agreement between damping capacity analysis and resonance frequency analysis measurements.
Lower insertion torque values did not adversely affect implant stability following healing,
suggesting that favorable osseointegration may be achieved across a range of insertion torque
values. The IST device appears to be a reliable method for longitudinal implant stability

monitoring.

Introduction

Implant stability is a critical determinant of successful osseointegration and long-term implant
survival.!>*# Primary implant stability is achieved through the mechanical engagement between
the implant surface and surrounding bone at the time of placement, while secondary stability
develops biologically through bone remodeling and osseointegration during healing. Because
implant stability changes dynamically throughout the healing process, clinicians often rely on
quantitative methods to evaluate implant stability during treatment and to determine appropriate

timing for restoration and loading.

Resonance frequency analysis (RFA) devices have become widely utilized for implant stability
assessment.>%7 These devices measure implant stability through resonance frequency
measurements converted into Implant Stability Quotient (ISQ) values. Although RFA has
demonstrated clinical reliability, obtaining ISQ measurements requires connection of a SmartPeg
transducer directly to the implant platform, necessitating repeated removal and reconnection of
the healing abutment during healing. Previous studies evaluating the “one abutment one time”
concept have suggested that repeated abutment disconnection and reconnection may negatively
influence peri-implant tissue stability and marginal bone preservation, potentially through

disruption of the peri-implant mucosal seal.®%10

The Implant stability test (IST) device (AnyCheck, Neobiotech®, Seoul, South Korea) was
introduced as a damping capacity analysis (DCA) device capable of measuring implant stability

directly from the healing abutment without requiring abutment removal.!' The device generates



IST values through controlled percussion-based measurements and may offer a less invasive
method for longitudinal implant stability monitoring during healing.!!"'? Previous in-vitro and
limited clinical studies have demonstrated strong correlations between IST and ISQ
measurements, suggesting that IST may provide clinically useful implant stability information

comparable to RFA devices.!!!13

Insertion torque values are commonly utilized clinically as an indirect indicator of primary
implant stability. Implants placed with higher insertion torque values are generally considered to
possess greater initial mechanical stability, while implants placed with lower insertion torque
values may demonstrate different stability patterns during healing and osseointegration.'*!3
However, limited clinical evidence currently exists evaluating the longitudinal relationship

between insertion torque values and IST measurements during healing.

Therefore, the purpose of this prospective longitudinal cohort study was to evaluate implant
stability patterns during healing using the IST device and to assess the relationship between
insertion torque values, IST measurements, and ISQ values. Secondary objectives included
evaluating longitudinal implant stability changes between low-insertion torque implants and
high-insertion-torque implants, assessing the influence of healing abutment height and implant
diameter on implant stability measurements, and evaluating the potential clinical utility of IST as

a non-invasive implant stability monitoring method during osseointegration.

Materials and Methods

Study Design

This prospective longitudinal cohort study was conducted at the advanced education program in
Periodontics at Oregon Health & Science University, School of Dentistry (OHSU SOD). The
study protocol was reviewed and approved by the Oregon Health & Science University
Institutional Review Board (IRB #STUDY00028205). Written informed consent was obtained

from all participants prior to enrollment.
Study Population

Patients requiring dental implant therapy at the OHSU SOD were screened for eligibility.

Inclusion criteria included patients over the age of 18 years old receiving BLT implants with



healing abutment placement at the time of surgery and willingness to participate in follow-up
visits. Implants placed in both native bone and previously grafted sites were included.
Exclusion criteria included uncontrolled systemic disease, conditions contraindicating implant
surgery, inability to attend follow-up appointments, and implants without complete longitudinal

stability measurements.
Surgical Protocol

All implants used in this study were SLActive bone level tapered (BLT) implants (Institut
Straumann AG, Basel, Switzerland). All surgical procedures were performed within the
Advanced Education Program in Periodontics at the OHSU SOD under the supervision of board-
certified periodontists. Implant placement was carried out according to the manufacturer's
recommended surgical protocols and was guided by virtual implant planning. All treatment plans
were reviewed and approved by a multidisciplinary implant committee composed of experienced

periodontists and prosthodontists prior to surgical intervention.

A total of 30 implants were initially included in the study. Insertion torque values (Ncm) were
recorded at the time of implant placement using a calibrated manual torque wrench (Institut
Straumann AG, Basel, Switzerland). Implants were subsequently divided into two groups
according to primary stability at placement: a low insertion torque group (15-34 Ncm) and a

high insertion torque group (=35 Ncm).

For implants placed in posterior maxillary sites (#2, #3, #4, #13, #14, and #15), surgical
preparation was modified when clinically indicated to optimize primary stability in areas of
reduced bone density. Specifically, the implant osteotomies were not profiled prior to implant
placement. These modifications were performed at the discretion of the treating surgeon based
on bone quality assessment and were intended to enhance implant engagement and achieve

adequate primary stability.

Implants exhibiting insertion torque values <15 Ncm at placement and requiring submerged
healing with cover screw placement were excluded from the study. Healing abutments with

heights of 4 mm, 5 mm, or 6 mm and implant diameters of 3.3 mm, 4.1 mm, or 4.8 mm were



selected based on prosthetic requirements and preoperative digital planning. All implants used in
the study were 10 mm in length.

Implant Stability Measurements

Implant Stability Test (IST)

IST values were obtained using the AnyCheck device (AnyCheck®, Neobiotech Co., Ltd.,
Seoul, South Korea), which utilizes damping capacity analysis (DCA) to evaluate implant
stability through percussion-based measurements performed directly on the healing abutment.
The device delivers six controlled percussion taps over approximately three seconds and
generates an IST value ranging from 0 to 100, with higher values indicating greater implant
stability. IST measurements were recorded at implant placement (T0), 3 weeks (T1), 6 weeks
(T2), and 12 weeks (T3) postoperatively while maintaining the healing abutment in place in

accordance with the "one abutment one time" concept.

Because healing abutment height may influence percussion-based measurements, IST values
were adjusted according to the manufacturer's recommended correction factors to allow
standardized comparisons among implants. Adjustment values were +0 for 4-mm healing
abutments, +2 for 5-mm healing abutments, and +4 for 6-mm healing abutments. Healing
abutment diameter does not influence IST measurements and was therefore not included in the
adjustment calculations. Both raw and adjusted IST values were recorded; however, adjusted IST

values were used for all statistical analyses.

Implant Stability Quotient (ISQ)

Resonance frequency analysis (RFA) measurements were obtained using the Osstell ISQ device
(Osstell®, Gothenburg, Sweden). A SmartPeg™ magnetic transducer specific to each implant
system was attached to the implant according to the manufacturer's instructions, and Implant

Stability Quotient (ISQ) values were recorded.

Two ISQ measurements were obtained at each evaluation interval in the buccolingual and
mesiodistal directions. The mean of these two measurements was calculated and recorded as the

average ISQ value for statistical analysis.



To preserve peri-implant tissue stability and maintain adherence to the "one abutment one time"
concept, ISQ measurements were not obtained during the early healing evaluation (T1, 3 weeks
postoperatively), as acquisition of ISQ values would have required removal and reconnection of
the healing abutment during the critical early osseointegration period. Consequently, ISQ
measurements were recorded at implant placement (TO0), 6 weeks (T2), and 12 weeks (T3)

postoperatively.

Follow-Up Evaluations

Implant stability measurements were obtained longitudinally at predefined healing intervals as

summarized in Table 1.

Timepoint Description Measurements

TO Implant Placement IST, Adjusted IST, ISQ

T Early Healing Evaluation (3 IST, Adjusted IST
weeks post-op)

T2 Intermediate Healing Evaluation | IST, Adjusted IST, I1SQ

(6 weeks post-op)
T3 3-month Healing Evaluation (12 | IST, Adjusted IST, ISQ

weeks post-op)

Table 1: Study evaluation time points and implant stability measurements.

Implant stability was assessed at four predefined clinical evaluation intervals. IST values were
obtained and adjusted IST values were calculated according to manufacturer-recommended
healing abutment height correction factors. ISQ values were obtained using resonance frequency

analysis. ISQ measurements were not obtained at T1.

Additional implant variables including implant diameter, healing abutment height, and implant
location were recorded for analysis. Implant sites located in the posterior maxilla (#2, 3, 4, 13,
14, and 15) were additionally categorized as posterior maxillary implants for exploratory site-

specific analysis.



Statistical Analyses

Statistical analysis was performed in collaboration with a biostatistician using R statistical

software (R Foundation for Statistical Computing, Vienna, Austria).

Descriptive statistics were calculated for implant stability measurements at each timepoint.
Longitudinal implant stability patterns were evaluated using linear mixed-effects models to
account for repeated measurements obtained from the same implant over time. Implant
identification number was included as a random intercept to account for potential intra-implant
correlation. Fixed effects evaluated included time, insertion torque group, implant diameter,

healing abutment height, implant site classification, and selected interaction terms.

Additional analyses evaluated posterior maxillary versus non-posterior maxillary implant sites,

implant diameter effects, healing abutment height effects, and interval stability changes between
healing timepoints. Pairwise comparisons between groups and timepoints were performed using
Tukey-adjusted post hoc analyses. Correlation analyses between IST-derived measurements and

ISQ values were performed using Pearson correlation coefficients.

Final reduced linear mixed-effects models were generated for IST, adjusted IST, and ISQ

measurements based on the likelihood ratio tests. Statistical significance was defined as p < 0.05.

Results

Study Sample

A total of 30 implants were initially included in the study. One implant failed during the healing
period and was subsequently excluded from the longitudinal analysis, resulting in a final sample
of 29 implants. The final dataset comprised 7 implants in the low insertion torque group (Group
1; 15-34 Ncm) and 22 implants in the high insertion torque group (Group 2;>35 Ncm).
Although the groups were unequal in size, longitudinal analyses were performed using mixed-
effects models, which are robust to unbalanced group distributions and repeated measurements.
This statistical approach allowed all available observations to be included while appropriately

accounting for within-implant correlations and unequal sample sizes between groups. The



baseline characteristics of the 29 implants included in the final analysis are summarized in Table
2. Variables recorded included insertion torque group, implant diameter, healing abutment

height, implant location, and implant system.

Variable Value
Total Implants Analyzed 29

Low Insertion Torque Group (15-34 Ncm) 7 (24.1%)
High Insertion Torque Group (=35 Ncm) 22 (75.9%)
Implant Length 10 mm
Implant Diameter; 3.3 mm 11 (37.9%)
Implant Diameter; 4.1 mm 13 (44.8%)
Implant Diameter; 4.8 mm 5(17.2%)
Healing Abutment Height; 4 mm 6 (20.7%)
Healing Abutment Height; 5 mm 8 (27.6%)
Healing Abutment Height; 6 mm 15 (51.7%)
Posterior Maxillary Sites; #2,3,4,13,14,15 7 (24.1%)
Other Implant Sites 22 (75.9%)
Implant Type Bone Level Tapered Roxolid SLActive

Table 2: Baseline implant characteristics of the study population

Distribution of implants according to insertion torque group, implant dimensions, healing
abutment height, implant location, and implant system. A total of 29 implants were included in
the final analysis following the exclusion of one implant that failed during the healing period.
Implants were categorized into low insertion torque (15—34 Ncm) and high insertion torque (=35
Ncm) groups based on insertion torque values recorded at the time of placement. All implants
were 10 mm in length and consisted of Bone Level Tapered (BLT) Roxolid® implants with an
SLActive® surface (Institut Straumann AG, Basel, Switzerland). Posterior maxillary sites

included implants placed at teeth #2, #3, #4, #13, #14, and #15.

Longitudinal Implant Stability Findings

At baseline (T0), implants placed with lower insertion torque values demonstrated lower stability

measurements compared with implants placed with higher insertion torque values, as assessed by




IST, adjusted IST, and ISQ (Figures 1-3). Changes in IST values over time are illustrated in
Figure 1. A transient reduction in implant stability was observed during the early healing phase,
with median IST values decreasing from baseline (TO) to the 3-week evaluation (T1).
Subsequently, implant stability increased progressively at 6 weeks (T2) and 12 weeks (T3),
reflecting the expected biologic transition from primary mechanical stability to secondary
biologic stability associated with osseointegration. By the 12-week evaluation, median IST
values exceeded baseline measurements, indicating continued improvement in implant stability
throughout the healing period. Although variability in IST values was observed at all time points,
the overall trend demonstrated a progressive increase in stability following the initial healing dip,
with implants placed at higher insertion torque values consistently exhibiting greater stability

throughout the observation period.
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Figure 1: Distribution of IST values throughout the healing period.

Box-and-whisker plots illustrating IST values recorded at implant placement (T0), 3 weeks (T1),
6 weeks (T2), and 12 weeks (T3) postoperatively. The central horizontal line represents the
median, the box boundaries represent the interquartile range (IQR), and the whiskers indicate

the minimum and maximum observed values. A transient decrease in implant stability was



observed during early healing, followed by a progressive increase in IST values during

osseointegration, with the highest median stability recorded at 12 weeks.
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Figure 2: Distribution of adjusted IST values throughout the healing period.

Box-and-whisker plots illustrating adjusted IST values recorded at implant placement (T0), 3
weeks (T1), 6 weeks (T2), and 12 weeks (T3) postoperatively. Adjusted IST values were
calculated according to the manufacturer's recommended correction factors for healing
abutment height. The central horizontal line represents the median, the box boundaries represent
the interquartile range (IQR), and the whiskers indicate the minimum and maximum observed
values. A transient decrease in implant stability was observed during early healing, followed by
a progressive increase in adjusted IST values during osseointegration, with the highest median

stability recorded at 12 weeks.
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Figure 3: Distribution of average ISQ values throughout the healing period.

Box-and-whisker plots illustrating average ISQ values recorded at implant placement (T0), 6
weeks (T2), and 12 weeks (T3) postoperatively. ISQ values were obtained using resonance
frequency analysis and calculated as the mean of measurements obtained in the buccolingual
and mesiodistal directions. The central horizontal line represents the median, the box boundaries
represent the interquartile range (IQR), and the whiskers indicate the minimum and maximum
observed values. A progressive increase in median ISQ values was observed throughout the

healing period, consistent with the development of secondary biologic stability during

osseointegration.

Longitudinal mixed-effects modeling demonstrated significant temporal changes in implant
stability throughout the healing period. Both IST and adjusted IST values exhibited an initial
decrease during early healing followed by progressive recovery at subsequent evaluation
intervals, consistent with the expected biologic transition from primary mechanical stability to
secondary biologic stability during osseointegration. In the final mixed-effects model for IST,
time and implant diameter were identified as significant predictors of implant stability. In the
final adjusted IST model, time, insertion torque group, healing abutment height, site
classification, and the healing abutment height x site interaction were retained as significant

contributors.



Despite baseline differences in insertion torque values, no significant differences in implant
stability measurements were observed between the low- and high-insertion torque groups at the
final 12-week evaluation, as assessed by IST, adjusted IST, and ISQ measurements (Figures 4—
6). These findings suggest that implants placed with lower insertion torque values achieved
levels of stability comparable to those placed with higher insertion torque values by the
completion of the healing period. Collectively, these findings indicate that while insertion torque
influences initial implant stability, its effect diminishes over time as biologic stability develops

during osseointegration, resulting in comparable stability outcomes following healing.
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Figure 4: Comparison of IST values between insertion torque groups at the final healing

evaluation (12 weeks).

Box-and-whisker plots illustrating the distribution of IST values for implants placed with low
insertion torque (Group 1: 15-34 Ncm) and high insertion torque (Group 2: >35 Ncm) at the 12-
week postoperative evaluation. The central horizontal line represents the median, the box
boundaries represent the interquartile range (IQR), and the whiskers indicate the minimum and
maximum observed values. Although Group 2 demonstrated slightly higher median IST values,
no statistically significant differences in implant stability were observed between groups at the

final healing evaluation, indicating comparable implant stability following osseointegration.
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Figure 5: Comparison of adjusted IST values between insertion torque groups at the final

healing evaluation (12 weeks).

Box-and-whisker plots illustrating the distribution of adjusted IST values for implants placed
with low insertion torque (Group 1: 15—34 Ncm) and high insertion torque (Group 2: >35 Ncm)
at the 12-week postoperative evaluation. Adjusted IST values were calculated using
manufacturer-recommended correction factors for healing abutment height. The central
horizontal line represents the median, the box boundaries represent the interquartile range
(IOR), and the whiskers indicate the minimum and maximum observed values. Although Group 2
demonstrated slightly higher median adjusted IST values, no statistically significant differences
were observed between groups at the final healing evaluation, indicating comparable implant

stability following osseointegration regardless of initial insertion torque.
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Figure 6: Comparison of average Implant Stability Quotient (ISQ) values between insertion
torque groups at the final healing evaluation (12 weeks).

Box-and-whisker plots illustrating the distribution of average ISQ values for implants placed
with low insertion torque (Group 1: 15—34 Ncm) and high insertion torque (Group 2: >35 Ncm)
at the 12-week postoperative evaluation. Average ISQ values were calculated as the mean of
buccolingual and mesiodistal resonance frequency analysis measurements obtained using the
Osstell® device. The central horizontal line represents the median, the box boundaries represent
the interquartile range (IQR), and the whiskers indicate the minimum and maximum observed
values. Although Group 2 demonstrated slightly higher median ISQ values, no statistically
significant differences were observed between groups at the final healing evaluation, indicating
comparable implant stability and osseointegration outcomes regardless of initial insertion
torque values. Averaged Implant Stability Quotient (ISQ) measurements at T3 according to
insertion torque group. Comparison of Averaged ISQ measurements between low- and high-

insertion-torque implant groups at T3.

To identify the factors influencing implant stability throughout the healing period, longitudinal
mixed-effects modeling was performed for each stability outcome measure. A stepwise model

reduction approach was used to develop the final parsimonious models while retaining variables



that significantly contributed to the explanation of variability in implant stability measurements.

The final reduced models for IST, adjusted IST, and ISQ outcomes are presented in Table 3.

Outcome Variable Final Model

IST Time + Implant Diameter

Adjusted IST Time + Insertion Torque Group + Healing Abutment Height + Site + Healing Abutment
Height x Site

ISQ Insertion Torque Group + Implant Diameter + Insertion Torque Group x Implant
Diameter

Table 3: Final reduced linear mixed-effects models for implant stability outcomes

Variables retained in the final reduced mixed-effects models for IST, adjusted IST, and 1SQ
following model selection procedures. Only predictors that contributed significantly to the
explanation of variability in implant stability measurements over the healing period were
retained in the final models. Interaction terms were included when statistically significant and
biologically relevant. These models were used to evaluate the influence of temporal, surgical,
prosthetic, and anatomical factors on implant stability throughout osseointegration.

Abbreviations: IST: Implant Stability Test ; ISQ = Implant Stability Quotient

Correlation Between IST and ISQ Measurements

Correlation analysis demonstrated strong positive associations between IST-derived
measurements and ISQ values throughout the healing period. The strongest correlation was
observed between adjusted IST and ISQ measurements (r = 0.921, p <0.001), indicating
excellent agreement between the two implant stability assessment methods. Similarly,
conventional IST measurements also demonstrated a significant positive correlation with ISQ

values (Figures 7-8).
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Figure 7: Correlation matrix demonstrating the relationship between IST and average ISQ

measurements.

The diagonal panels display the distribution density of IST and average ISQ values obtained
throughout the study period. The lower panel presents the scatterplot illustrating the relationship
between IST and average ISQ measurements, with the fitted linear regression line and
corresponding 95% confidence interval. The upper panel displays the Pearson correlation
coefficient between the two variables. A strong positive correlation was observed between IST
and average ISQ values (r = 0.886, p < 0.001), indicating a close linear association between
damping capacity analysis and resonance frequency analysis measurements across all

evaluation intervals.
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Figure 8: Correlation matrix demonstrating the relationship between adjusted IST and average

ISQ measurements.

The diagonal panels display the distribution density of adjusted IST and average ISQ values
obtained throughout the study period. The lower panel presents the scatterplot illustrating the
relationship between adjusted IST and average ISQ measurements, with the fitted linear
regression line and corresponding 95% confidence interval. The upper panel displays the
Pearson correlation coefficient between the two variables. A strong positive correlation was
observed between adjusted IST and average 1SQ values (r = 0.921, p < 0.001), indicating a
close linear association between the adjusted damping capacity analysis measurements and

resonance frequency analysis measurements across all evaluation intervals.

Implant Diameter Analysis

Implant diameter was identified as a significant predictor of implant stability in the final mixed-
effects models. At baseline, adjusted IST values differed significantly among implant diameter
groups (p = 0.047), whereas baseline IST and ISQ measurements did not demonstrate
statistically significant differences. By the final healing evaluation (T3), implant diameter
exhibited significant effects on IST (p = 0.001), adjusted IST (p = 0.0035), and ISQ
measurements (p < 0.001). Across the observation period, narrow-diameter implants (3.3 mm)

generally demonstrated lower stability values compared with wider-diameter implants (4.1 mm



and 4.8 mm). In contrast, implants with diameters of 4.1 mm and 4.8 mm exhibited similar

stability patterns throughout healing and osseointegration (Figures 9-11).
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Figure 9: Comparison of IST values according to implant diameter.

Box-and-whisker plots illustrating the distribution of IST values among implants with diameters
of 3.3 mm, 4.1 mm, and 4.8 mm throughout the study period. The central horizontal line
represents the median, the box boundaries represent the interquartile range (IQR), and the
whiskers indicate the minimum and maximum observed values. Narrow-diameter implants (3.3
mm) demonstrated lower median IST values compared with wider-diameter implants (4.1 mm
and 4.8 mm), while implants with diameters of 4.1 mm and 4.8 mm exhibited similar stability
distributions. Implant diameter was identified as a significant predictor of IST values in the final
mixed-effects model. Comparison of IST measurements among implant diameter groups (3.3 mm,

4.1 mm, and 4.8 mm).
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Figure 10: Comparison of adjusted IST values according to implant diameter.

Box-and-whisker plots illustrating the distribution of adjusted IST values among implants with
diameters of 3.3 mm, 4.1 mm, and 4.8 mm throughout the study period. Adjusted IST values were
calculated using manufacturer-recommended correction factors for healing abutment height.
The central horizontal line represents the median, the box boundaries represent the interquartile
range (IQR), and the whiskers indicate the minimum and maximum observed values. Narrow-
diameter implants (3.3 mm) demonstrated lower median adjusted IST values compared with
wider-diameter implants (4.1 mm and 4.8 mm), while implants with diameters of 4.1 mm and 4.8
mm exhibited similar stability distributions. Implant diameter was identified as a significant

predictor of adjusted IST values in the final mixed-effects model.
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Figure 11: Comparison of average ISQ values according to implant diameter.

Box-and-whisker plots illustrating the distribution of average ISQ values among implants with
diameters of 3.3 mm, 4.1 mm, and 4.8 mm throughout the study period. Average ISQ values were
calculated as the mean of buccolingual and mesiodistal resonance frequency analysis
measurements obtained. The central horizontal line represents the median, the box boundaries
represent the interquartile range (IQR), and the whiskers indicate the minimum and maximum
observed values. Narrow-diameter implants (3.3 mm) demonstrated lower median 1SQ values
compared with wider-diameter implants (4.1 mm and 4.8 mm), while implants with diameters of
4.1 mm and 4.8 mm exhibited comparable stability distributions. Implant diameter was identified
as a significant predictor of ISQ values in the final mixed-effects model, with significant

differences observed among implant diameter groups (p < 0.001).

Posterior Maxillary Site Analysis
Because implant site classification was retained as a significant predictor in the final adjusted
IST mixed-effects model, an exploratory subgroup analysis was performed to evaluate implant
stability outcomes in posterior maxillary sites. Implants placed in the posterior maxilla (sites
#2,3,4,13,14, and 15; n = 7) were compared with implants placed in all other regions of the

mouth (n = 22). In these posterior maxillary sites, surgical preparation was frequently modified



through omission of the final drill and avoidance of osteotomy profiling to enhance primary
stability in lower-density bone. Baseline ISQ measurements did not differ significantly between
posterior maxillary implants and implants placed at other sites (p = 0.665). Similarly, at the final
healing evaluation (T3), no statistically significant differences were observed between groups for
IST (p = 0.348), adjusted IST (p = 0.266), or [SQ measurements (p = 0.390) (Figures 12—14).
Although posterior maxillary implants demonstrated numerical differences in median stability
values across the evaluated outcome measures, the overall patterns of healing and stability

development were comparable between groups throughout the observation period.
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Figure 12: Comparison of IST values according to implant site classification.

Box-and-whisker plots illustrating the distribution of IST values for implants placed in posterior
maxillary sites (pm, teeth #2, #3, #4, #13, #14, and #15) and all other implant sites (other). The
central horizontal line represents the median, the box boundaries represent the interquartile
range (IQR), and the whiskers indicate the minimum and maximum observed values. Posterior
maxillary implants demonstrated median IST values comparable to those observed at other
implant sites. No statistically significant differences in IST measurements were observed between
posterior maxillary implants and implants placed in all other regions of the mouth at the final

healing evaluation (p = 0.348).
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Figure 13: Comparison of adjusted IST values according to implant site classification.

Box-and-whisker plots illustrating the distribution of adjusted IST values for implants placed in
posterior maxillary sites (pm, teeth #2,3,4,13,14, and 15) and all other implant sites (other).
Adjusted IST values were calculated using manufacturer-recommended correction factors for
healing abutment height. The central horizontal line represents the median, the box boundaries
represent the interquartile range (IQR), and the whiskers indicate the minimum and maximum
observed values. Although posterior maxillary implants demonstrated numerically higher
median adjusted IST values, no statistically significant differences were observed between

posterior maxillary implants and implants placed at other sites (p = 0.266).
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Figure 14: Comparison of average ISQ values according to implant site classification.

Box-and-whisker plots illustrating the distribution of average ISQ values for implants placed in
posterior maxillary sites (pm; teeth #2, #3, #4, #13, #14, and #15) and all other implant sites
(other). Average ISQ values were calculated as the mean of buccolingual and mesiodistal
resonance frequency analysis measurements obtained. The central horizontal line represents the
median, the box boundaries represent the interquartile range (IQR), and the whiskers indicate
the minimum and maximum observed values. Although posterior maxillary implants
demonstrated numerically higher median ISQ values, no statistically significant differences were

observed between posterior maxillary implants and implants placed at other sites (p = 0.390).

Healing Abutment Height Analysis

Healing abutment height was retained as a significant predictor in the final mixed-effects model
evaluating adjusted IST values. Estimated marginal means demonstrated adjusted IST values of
78.6, 74.6, and 79.4 for 4-mm, 5-mm, and 6-mm healing abutments, respectively. Pairwise

comparisons demonstrated a significant difference between 5-mm and 6-mm healing abutments

(p = 0.0274), whereas no significant differences were observed between 4-mm and 5-mm healing



abutments (p = 0.2528) or between 4-mm and 6-mm healing abutments (p =0.9221).
Furthermore, a significant healing abutment height x implant site interaction was identified (p =
0.0009), indicating that the relationship between healing abutment height and adjusted IST

measurements varied according to implant site classification.

Discussion

The purpose of this prospective longitudinal cohort study was to evaluate implant stability
patterns during healing using the IST device and to assess the relationship between insertion
torque values, IST measurements, and ISQ values. The results demonstrated significant changes
in implant stability during healing and showed strong correlations between IST-derived
measurements and ISQ values. The strong correlations observed between IST-derived
measurements and ISQ values are consistent with previous studies demonstrating significant
agreement between damping capacity analysis and resonance frequency analysis for the

assessment of implant stability.!>1819

Furthermore, recent studies have reported that AnyCheck-derived measurements correlate
strongly with ISQ values across a variety of clinical conditions, supporting the use of damping
capacity analysis as a reliable method for longitudinal implant stability monitoring.'®!°
Implants placed with lower insertion torque values achieved implant stability measurements
comparable to implants placed with higher insertion torque values at later healing intervals. This
finding is consistent with Sennerby and Meredith, who demonstrated that implant stability
evolves during healing and that lower initial stability does not necessarily result in inferior

stability following osseointegration.!

One of the most notable findings of this study was the longitudinal implant stability pattern
observed during healing. IST and adjusted IST measurements demonstrated an initial decrease
during early healing followed by progressive recovery over time.*!® This finding is consistent
with the biologic transition from primary implant stability, which is mechanically derived at
implant placement, to secondary stability resulting from bone remodeling and

osseointegration.!2%2! Previous studies have demonstrated that remodeling during early healing



may result in a temporary decrease in implant stability, commonly referred to as the “stability
dip,” before secondary stability increases during osseointegration. The longitudinal stability
patterns observed in the present study are consistent with these biologic healing principles.!-'6-2!
The present study demonstrated that implants placed with lower insertion torque values achieved
implant stability measurements comparable to implants placed with higher insertion torque
values at later healing intervals. Although implants in the lower insertion torque group initially
demonstrated numerically lower stability measurements, both groups demonstrated favorable

implant stability during healing and achieved comparable implant stability measurements by T3.

These findings suggest that insertion torque and implant stability, although related, may
represent distinct biomechanical characteristics rather than interchangeable measurements of
potential implant success.»'%!32! This observation is consistent with previous investigations
demonstrating that implants with lower initial mechanical stability may experience substantial
increases in stability during healing and ultimately achieve favorable stability values following

osseointegration.

Insertion torque reflects the rotational resistance encountered during implant placement and is
influenced by factors such as bone density, implant geometry, and surgical preparation.?>?* In
contrast, implant stability measurements obtained using IST and ISQ may more directly reflect
the overall stiffness and biologic behavior of the implant-bone interface throughout healing and
osseointegration. While do Vale Souza et al. (2021) reported a positive association between
insertion torque and implant stability, indicating that higher insertion torque values were
associated with greater primary stability at implant placement, the results of the present study
suggest that achieving excessively high insertion torque values may not be necessary to obtain
favorable implant stability during healing.?* These findings are in agreement with the systematic
review by Darriba et al., who reported that lower insertion torque values did not adversely affect
implant survival or clinical outcomes and concluded that favorable osseointegration may be
achieved across a broad range of insertion torque values when appropriate healing conditions are

present.?



An additional finding of the present study was the significant influence of implant diameter on
implant stability measurements. Implant diameter was retained as a significant predictor in the
final mixed-effects models evaluating both IST and ISQ outcomes, and narrow-diameter
implants (3.3 mm) consistently demonstrated lower stability values compared with wider-
diameter implants (4.1 mm and 4.8 mm). These findings are consistent with the biomechanical
principle that increasing implant diameter enhances the bone-to-implant contact area and may
improve load distribution and engagement of the surrounding cortical bone.2%27-28

Although all implant diameters demonstrated favorable healing and successful osseointegration,

the observed differences suggest that implant diameter remains an important determinant of

implant stability during both the early and later phases of healing.

The strong correlation observed between IST-derived measurements and ISQ values supports the
potential clinical utility of the IST device for longitudinal implant stability monitoring.!!-!3 The
strongest correlation was observed between adjusted IST and ISQ measurements, suggesting that
correction of IST values based on healing abutment height may improve agreement between
damping capacity analysis and resonance frequency analysis measurements and supports
manufacturer-recommended adjustment of IST values during clinical measurements.'*!” Unlike
resonance frequency analysis devices, the IST device allows implant stability measurements to
be obtained directly from the healing abutment without repeated abutment removal and
reconnection. This may be clinically advantageous in consideration of studies supporting the
“One Abutment One Time” concept and may allow operators to avoid the potential negative
effects of repeated abutment manipulation on peri-implant tissue stability and crestal bone

preservation.®®

Healing abutment height was retained in the final adjusted IST model, and a significant healing
abutment height X implant site interaction was identified. These findings suggest that the
relationship between healing abutment height and adjusted IST measurements may vary
according to implant location. Because AnyCheck measurements are obtained through
percussion-based assessment of the healing abutment, these findings further support the

importance of accounting for healing abutment height when interpreting adjusted IST values.



Posterior maxillary implants demonstrated implant stability values comparable to implants
placed in other regions of the mouth by T3 despite the lower bone density typically associated
with posterior maxillary sites. Although no statistically significant differences were observed
between site groups during healing, this finding should be interpreted in the context of the
surgical protocol utilized for posterior maxillary implants. In these sites, osteotomy preparation
was frequently modified by omitting the final drill and avoiding osteotomy profiling in an effort
to enhance primary implant stability in lower-density bone. These modifications likely
contributed to the favorable stability values observed in the posterior maxilla and may partially
explain the comparable healing outcomes observed between posterior maxillary implants and
implants placed at other locations. Collectively, these findings support the concept that surgical
protocol modification based on site-specific bone characteristics may help optimize implant

stability in challenging anatomical regions.

Several limitations should be considered when interpreting the results of this study. The study
was conducted at a single academic institution using a single implant system and included a
relatively limited sample size, particularly within the lower insertion torque group. In addition,
posterior maxillary site analysis was exploratory in nature because of the uneven distribution of
implant locations and limited subgroup sample sizes. ISQ measurements were intentionally not
obtained during early healing in order to avoid repeated healing abutment removal; therefore,
direct comparison of IST and ISQ values was limited at T1. Despite these limitations, the present
study demonstrated significant temporal changes in implant stability during healing and strong
correlations between IST-derived measurements and ISQ values. Furthermore, modifications of
the drilling protocol were performed in selected posterior maxillary sites to optimize primary
stability, which may limit direct comparison of implant stability outcomes between anatomical

regions.

Within the limitations of this study, the findings suggest that the IST device may serve as a
clinically useful method for longitudinal implant stability monitoring during both early and late
healing while avoiding repeated healing abutment removal. In addition, implants placed with

lower insertion torque values achieved implant stability measurements comparable to implants



placed with higher insertion torque values at later healing intervals, suggesting that lower

insertion torque values did not adversely affect implant stability during osseointegration.

Conclusions

Within the limitations of this prospective longitudinal cohort study, the following conclusions may

be drawn:

1. Implant stability demonstrated dynamic changes during healing, characterized by an early
decrease in stability followed by progressive recovery during osseointegration.

2. Implants placed with lower insertion torque values achieved stability measurements
comparable to those of higher-torque implants by the final healing evaluation.

3. Strong correlations were observed between IST-derived measurements and ISQ values,
supporting the clinical utility of damping capacity analysis for longitudinal implant
stability assessment.

4. Implant diameter, healing abutment height, and implant site influenced implant stability
measurements. Posterior maxillary implants achieved stability outcomes comparable to
other anatomical regions when site-specific surgical modifications were employed.

5. The IST device may serve as a clinically useful, noninvasive method for monitoring

implant stability during healing while avoiding repeated healing abutment removal.
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