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ABSTRACT

hitps://doi.org/10.51847/0CR0iq1PtX

Orthodontic treatment outcomes unfold over months or years, so repeated measurements are more informative than isolated
pre-treatment and post-treatment comparisons. In routine clinical records, however, repeated observations are rarely
complete or equally spaced. Missed appointments, delayed visits, incomplete cephalometric or cast records, changing
compliance, and examiner variability are expected features of orthodontic data. These imperfections must be treated as
part of the evidence rather than removed from the analysis. Many comparative orthodontic studies evaluate fixed
appliances and clear aligners using complete cases or simplified before-and-after summaries. Such approaches can bias
results when patients with poorer progress are more likely to miss visits or discontinue treatment. They also ignore that
treatment groups often differ at baseline in age, severity, malocclusion type, and motivation. A longitudinal analysis must
therefore address missing outcomes, attrition, irregular visit timing, measurement error, and non-random procedure
assignment. This study compared longitudinal treatment outcomes between fixed appliances and clear aligners using a
university orthodontic clinic dataset. The primary objective was to estimate change in Peer Assessment Rating score over
treatment while explicitly accounting for irregular observation times, missing outcome measurements, patient dropout,
and baseline imbalance. Secondary objectives were to compare complete-case and imputed estimates, evaluate propensity-
score-adjusted treatment comparisons, and assess whether conclusions were robust to alternative longitudinal models. The
analytic dataset included 215 patients treated in a university orthodontic clinic between 2017 and 2023, with 125 receiving
fixed appliances and 90 receiving clear aligners. Planned records were baseline, 3 months, 6 months, 12 months, and end
of treatment, but actual visit timing varied and some patients contributed only three or four usable outcome records. The
primary outcome was PAR score, modeled using linear mixed effects regression with patient-specific random intercepts
and time represented as actual months since baseline. Missing outcomes were addressed using multiple imputation,
attrition was examined using pattern-mixture sensitivity analysis, and baseline imbalance was reduced using propensity
score matching. Dropout before the final treatment record was 22% overall, with higher attrition in the clear aligner group
than in the fixed-appliance group. After propensity score matching, 70 patients remained in each group, and both groups
showed clinically meaningful PAR reduction of approximately 70%. The procedure-by-time interaction was not
statistically significant, but the confidence interval was wide enough to include clinically relevant differences. Multiple
imputation changed the estimated procedure contrast by 1.2 PAR points compared with complete-case analysis, and
convergence problems required simplification of the random-slope structure in a small proportion of fitted imputation
models. The study did not provide clear evidence that either fixed appliances or clear aligners produced superior
longitudinal PAR improvement in this clinic cohort. This finding should not be interpreted as proof of equivalence, because
attrition, measurement error, irregular follow-up, and reduced matched-sample size limited precision. The analysis
demonstrates that longitudinal mixed models are useful for imperfect orthodontic records, but sensitivity analyses remain
essential. Future comparative orthodontic studies require stronger retention strategies, standardized repeated
measurements, and calibrated outcome assessment.

Key words: Orthodontics, Longitudinal data, Mixed effects model, Missing data, Propensity score, Treatment
comparison.
Introduction Orthodontics cast-radiograph evaluation, and occlusal

indices to quantify treatment change over time [1-3]. Studies
of stability and long-term outcome further show that post-
treatment assessment can differ from immediate end-of-

Orthodontic treatment outcomes are inherently longitudinal
because alignment, occlusal correction, treatment duration,

and patient experience evolve across repeated visits rather
than appearing only at the end of care. Comparative studies
of fixed appliances and clear aligners have increasingly used
outcome measures such as PAR score, American Board of

treatment findings, especially when relapse and retention
status are considered [4-6]. For this reason, a longitudinal
design is better aligned with orthodontic biology and clinical
workflow than a single cross-sectional comparison.
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Longitudinal orthodontic data are imperfect because
treatment records are produced during clinical care rather
than under ideal statistical conditions. Patients miss
appointments, end records may be unavailable, radiographs
or digital models may be incomplete, and treatment intervals
often vary from the planned schedule [7-9]. Patient-reported
outcomes such as pain, satisfaction, and oral health-related
quality of life also fluctuate over time and may be
incompletely measured when patients disengage from
treatment [10-13].

Traditional repeated-measures analysis of variance assumes
complete and regularly spaced observations, which is rarely
realistic in orthodontic clinics. Linear mixed models and
generalized estimating equations are more appropriate
because they can retain partially observed patients and
account for within-patient correlation, although they rely on
assumptions about missingness and covariance structure
[14-16]. Recent methodological discussions in orthodontics
emphasize that missing data, intention-to-treat principles,
and observational design limitations must be handled
explicitly rather than treated as secondary technical details
[17-19]. Therefore, the statistical model must be matched to
both the biological question and the imperfections of the
dataset.

This article presents a comparative longitudinal analysis of
fixed appliances and clear aligners using, imperfect
university clinic data rather than an idealized balanced
dataset. The analysis focuses on PAR score trajectories,
baseline imbalance, irregular follow-up timing, dropout,
missing covariates, and examiner-related measurement
error. The central argument is that realistic effect estimates
require mixed modeling, propensity score adjustment,
imputation, and sensitivity analysis rather than reliance on
complete-case summaries [20-23]. The goal is not to declare
a definitive winner between procedures, but to quantify
uncertainty honestly under conditions that resemble routine
orthodontic practice.

Background
Orthodontic procedures for comparison

Fixed appliances and clear aligners differ in biomechanics,
visibility, patient burden, and dependence on adherence.
Clear aligner studies report advantages in aesthetics and
removability, but outcomes may depend heavily on wear
time, case selection, refinement needs, and patient
compliance [1, 24, 25]. Fixed appliances may offer more
direct control in complex movements, but they can be
associated with discomfort, oral hygiene burden, and dictary
restriction [8, 26, 27]. Comparative studies therefore need to
account for both clinical effectiveness and patient behavior
when estimating treatment differences [28-30].

Key outcome measures
The PAR index remains a useful summary of occlusal
improvement because it captures changes across multiple
components of malocclusion and can be applied to study

models or digital casts [2, 31, 32]. Other outcomes,
including overjet, overbite, treatment duration, relapse, and
oral health-related quality of life, capture clinically
meaningful dimensions that may not be fully reflected in a
single index [5, 9, 33]. Recent work on 3D dental model
datasets also shows that tooth-position and crown-landmark
measures can supplement conventional occlusal indices
when digital models are available [21, 34]. Because each
outcome has measurement error and different clinical
interpretation, longitudinal models should not treat all
endpoints as equally precise.

Longitudinal statistical methods

Linear mixed models estimate subject-specific trajectories
and are well suited for repeated PAR measurements when
patients have different numbers of observations.
Generalized estimating equations instead estimate
population-average effects and can be useful as a sensitivity
analysis when the main interest is the marginal group
difference rather than individual trajectory variation [15, 18,
35]. Repeated-measures ANOVA is less appropriate when
data are missing, visits are irregular, or covariance
assumptions are unrealistic [14, 36]. Model selection using
likelihood-based criteria and diagnostic checks is therefore
essential when moving from a nominal visit design to
patient records.

Real-world challenges in orthodontic research
Non-random procedure assignment is a major concern
because patients choosing clear aligners may differ
systematically from those treated with fixed appliances in
severity, aesthetics preference, age, compliance, and
affordability. Propensity score methods can reduce
measured baseline imbalance, but they cannot eliminate
unmeasured confounding such as motivation, private
financial constraints, or clinician preference [37-39].
Compliance variability is particularly relevant for
removable appliances, and inconsistent recording of aligner
wear or elastic use can distort estimated treatment effects
[26, 40]. Differential dropout further complicates
interpretation when patients with slow progress,
dissatisfaction, or relocation are less likely to complete final
records [14, 15, 41].

Existing comparative studies

limitations
Existing comparative studies provide valuable evidence but
often differ in design, outcome definitions, follow-up
completeness, and adjustment for baseline case mix. Some
aligner-versus-fixed-appliance studies focus on mild
malocclusion or selected cohorts, which limits
generalization to more complex cases [1, 30, 42]. Broader
outcome studies from educational settings and postgraduate
clinics show that operator experience, assessment protocol,
and clinical setting can influence measured treatment
quality [43-45]. These limitations justify a transparent
longitudinal analysis that reports missingness, dropout,
baseline imbalance, and sensitivity results instead of

and methodological
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presenting a single clean estimate [46-48].

Figure 1 summarizes the directional analytic logic of the
study, showing how real-world orthodontic data

imperfections are carried forward into longitudinal
modeling, missing-data handling, comparative-
effectiveness adjustment, and cautious interpretation.

A Comparative Statistical Study of Treatment Outcomes in
Orthodontic Procedures Using Longitudinal Data Analysis

Stage 1 Stage 2 Stage 3
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Figure 1. Directional Longitudinal Analysis Framework for Comparing Orthodontic Treatment Outcomes under Real-
World Data Imperfections

Data description and imperfections
Data source

The study used an IRB-approved, de-identified university
orthodontic clinic database from 2017 to 2023, including
215 patients treated with either fixed appliances or clear
aligners. The fixed-appliance group included 125 patients,
while the clear-aligner group included 90 patients, creating
the uneven group sizes typical of non-random clinical
assignment. Planned outcome records were baseline, 3
months, 6 months, 12 months, and end of treatment, but the
actual number of recorded PAR observations averaged 4.2
per patient with a range of 2 to 5. This clinic-based structure
resembles the real-world heterogeneity reported in
orthodontic treatment-outcome studies and educational-
setting analyses [31, 44, 49, 50].

Documented imperfections
The dataset contained 15% missing PAR scores overall,
with missingness increasing from 4% at baseline to 10% at
6 months, 25% at 12 months, and 31% at the end-of-

treatment record. Dropout before the final record was 22%
overall, but it differed by group: 18% in fixed appliances
and 28% in clear aligners, with recorded reasons including
relocation, financial interruption, dissatisfaction, and failure
to attend appointments. Actual “3-month” visits occurred
between 2.1 and 5.4 months after baseline, while “6-month”
visits occurred between 4.7 and 8.9 months, requiring actual
elapsed time rather than nominal visit labels. Examiner
reliability was imperfect, with inter-examiner ICC for PAR
scoring of 0.78 and intra-examiner ICC of 0.84, consistent
with the broader need for calibrated outcome assessment in
orthodontic records [21, 51-53].

Table 1 consolidates the main real-world data imperfections
in the clinic dataset and links each imperfection to its
statistical threat, analytic response, and consequence for
interpretation.

Table 1. Real-World Data Imperfections and Their Consequences for Longitudinal Orthodontic Treatment Comparisons

Data How it appears in the . Preferred analytic Interpretation
. . . Statistical threat
imperfection manuscript dataset response consequence
Irregular Planned 3-month and 6- Nominal visit coding Use actual months Estimated improvement
follow-up month visits occurred may distort treatment- since baseline as reflects observed treatment
intervals across variable actual rate estimates continuous time timing rather than assumed
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time windows

equal intervals

PAR missingness Complete-case analysis lv{luslittllplerliI(I)lrp ;Ei?{on Treatment contrasts must be
Missing PAR increased at later visits may overrepresent &P . . .
. baseline severity, reported with imputation
measurements and was highest near adherent or successful S
end of treatment patients procedure, and dropout sensitivity
status
Dropout was higher in . . . .
Differential the clear-aligner group Attrition may be related Pattern-mixture Non-significant differences
dropout than in the fixed- to dissatisfaction, poor sensitivity analysis by cannot be interpreted as
P appliance group progress, or compliance completion status equivalence
PAR scoring reliability Effect estimates may be .Re_p.ort examimer Small procedure effects may
Measurement was moderate rather attenuated and reliability and interpret be indistineuishable from
error confidence intervals small differences neushab e
than perfect . . scoring variability
widened cautiously
Fixed-appliance Precision differs by Use adjusted models Matched analyses may

Uneven group

patients outnumbered

group and estimates may

and report matched-

improve balance but reduce

sizes clear-aligner patients be driven by larger grou sample size loss ower
before matching y larger group p p
. . Proce.dure groups. Unadjusted procedure Propensity score Any change from unmatched
Baseline differed in age, baseline effects may reflect case . . .
. . . matching or inverse to matched estimates
imbalance PAR, and malocclusion selection rather than robability weightin indicates confoundin
severity treatment effect P y weighting &
Compliance ratings Include available .
o Treatment response may . Procedure comparisons
Incomplete were missing for a compliance data and

compliance data

subset of visit-level
observations

be confounded by
unmeasured adherence

conduct sensitivity
analysis

remain vulnerable to
residual confounding

Sparse late
observations

Fewer patients
contributed end-of-
treatment records

Random-slope
estimation may become
unstable

Check convergence and
simplify covariance
structure if necessary

Model complexity must be
justified by observed data
density

Uneven group sizes and baseline imbalances

Before adjustment, the clear-aligner group was older on
average, had a lower mean baseline PAR score, and included
fewer severe Class II cases than the fixed-appliance group.
The standardized mean difference for baseline PAR was
0.34, for age was 0.41, and for malocclusion severity
category was 0.29, indicating meaningful imbalance that
could bias an unadjusted procedure comparison.
Compliance ratings were missing for 18% of visit-level
records, with more missing compliance data among aligner
patients who later dropped out. These imbalances are
consistent with observational orthodontic research, where
procedure choice is shaped by case severity, patient
preference, and clinician judgment rather than random
allocation [19, 38, 54, 55].

Exploratory longitudinal analysis
Spaghetti plots of individual PAR trajectories

Spaghetti plots showed substantial between-patient
variability in PAR change, even within the same procedure
group. Most patients improved over time, but some
trajectories flattened after 6 months, and a small number
showed temporary worsening, likely reflecting appliance
adjustment periods, poor compliance, or measurement
variability. Dropouts were visually concentrated among
patients with higher residual PAR scores at their last
available visit, especially in the clear-aligner group. This
pattern is clinically plausible and reinforces prior warnings

that missing orthodontic outcomes should not be assumed to
be completely random [14, 15, 56].

Mean PAR profiles with missing data shown

Mean PAR profiles declined in both groups, with the
steepest average improvement occurring during the first 6 to
12 months. However, the number of observed patients
decreased at each later time point, so the end-of-treatment
mean partly reflected a more adherent and more completely
observed subset. The observed PAR reduction was
approximately 70% in both groups after matching, but the
raw mean profiles overstated certainty because they did not
represent all originally enrolled patients. Similar caution is
needed when interpreting longitudinal quality-of-life and
treatment-outcome studies in which later observations are
missing for non-administrative reasons [9, 10, 57].

Missing data patterns
Completers and dropouts differed at baseline, with dropouts
having higher mean baseline PAR scores, lower recorded
compliance, and longer early intervals between scheduled
and actual visits. These differences suggest that missingness
was unlikely to be missing completely at random, even
though the available covariates made a missing-at-random
imputation strategy defensible as the primary approach. The
possibility of missing not at random remained credible
because patients with unsatisfactory progress may have
been less likely to attend later records. For this reason, the
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analysis incorporated both multiple imputation and pattern-
mixture sensitivity checks rather than relying on complete-
case estimates alone [15, 46].

Linear mixed model specification

Primary LMM equation
The primary model specified PAR score for patient i at
observation j as a function of actual months since baseline,
procedure group, the procedure-by-time interaction, age,
sex, baseline severity, and malocclusion class. In notation,
the structure was PARij = By + Bitime;; +
B.procedure; + Bs(time;; X procedure;) +
Pscovariates; + ug; + uq; timey; + &, where Up;
represented patient-specific baseline deviation and uli
represented patient-specific rate of change. Actual time was
used instead of nominal visit number because planned 3-
month and 6-month records were frequently delayed or
compressed. This modeling choice follows the logic of
longitudinal orthodontic analysis in which partially
observed, unequally spaced records should contribute
information without forcing artificial balance [14, 18, 58].

Covariance structure and convergence

The initial model used both random intercepts and random
slopes for time, but the full random-slope structure failed to
converge in 5% of imputed datasets and produced near-zero
slope variance in several matched-sample fits. A simplified
random-intercept model with fixed time-by-procedure
interaction was therefore retained for those problematic
iterations, and results were pooled with convergence status
documented. AIC and BIC favored the random-intercept-
plus-slope model in the full imputed dataset, but the
advantage was small after matching, suggesting that the
reduced sample size limited stable estimation of patient-
specific slopes. This is an important reporting point because
orthodontic mixed models can appear more precise than
justified when complex covariance structures are fitted to
sparse repeated measures [15, 20].

GEE sensitivity analysis

A generalized estimating equation with exchangeable
working correlation was fitted as a sensitivity analysis to
estimate the population-average procedure-by-time effect.
The GEE estimate for the procedure-by-time interaction was
similar in direction to the LMM estimate but had a slightly
wider confidence interval, which is expected when the
marginal model gives less weight to subject-specific
trajectory assumptions. The main inference remained
inconclusive, with p = 0.18 for the matched LMM
interaction and no clinically secure evidence that one
procedure improved PAR faster than the other. This
agreement between subject-specific and population-average
approaches supports cautious interpretation, but it does not
overcome attrition, residual confounding, or measurement
error [18, 19].

Handling irregular times, missing data, and attrition
Irregular time intervals

Irregular visit timing was handled by coding time as actual
months since baseline rather than as nominal visit
categories. This was necessary because planned 3-month
records ranged from 2.1 to 5.4 months, and planned 6-month
records ranged from 4.7 to 8.9 months, making equal-
interval repeated-measures assumptions unrealistic. The
continuous-time approach allowed patients with delayed or
missed appointments to contribute observed data without
forcing artificial alignment to a balanced schedule. This
choice is consistent with orthodontic longitudinal evidence
showing that real clinical trajectories and treatment
durations vary substantially across patients and care settings
[4, 44, 45].

Missing outcome data

Missing PAR outcomes were addressed using multiple
imputation with predictive mean matching, stratified by
procedure group and including baseline PAR, age, sex,
malocclusion class, treatment duration, dropout status, and
observed prior PAR scores. Complete-case analysis was
retained only as a sensitivity comparator because it excluded
patients with incomplete follow-up and therefore risked
overrepresenting adherent patients with better records. The
imputed analysis produced a procedure contrast that differed
by 1.2 PAR points from the complete-case estimate, which
is clinically important given the modest between-group
differences observed. This finding supports recent
orthodontic methodological warnings that missing data
should be modeled transparently rather than ignored [14, 15,
46].

Attrition and pattern-mixture sensitivity

Attrition was not evenly distributed across groups, with 28%
dropout in the clear-aligner group compared with 18% in the
fixed-appliance group. Because this differential attrition
could reflect dissatisfaction, financial discontinuation,
relocation, or poor progress, the missing-at-random
assumption was treated as plausible but not guaranteed. A
pattern-mixture sensitivity model stratified patients by
completion status and allowed the time slope to differ
between completers and dropouts. The main procedure-by-
time interaction remained inconclusive, but estimates
shifted toward less aligner improvement under pessimistic
dropout assumptions, reinforcing that dropout is a
substantive threat to interpretation rather than a minor
nuisance [9-11].

Comparative effectiveness adjustment
Propensity score matching

Propensity scores were estimated using logistic regression
for procedure assignment, including age, sex, baseline PAR
score, malocclusion class, initial overjet, initial overbite,
and Dbaseline severity category. Before matching,
standardized mean differences exceeded 0.20 for several
covariates, indicating that the clear-aligner and fixed-
appliance groups were not directly comparable at baseline.
Nearest-neighbor matching without replacement reduced
the analytic sample to 70 patients per group and brought all
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measured standardized mean differences below 0.10. This
improved measured balance but reduced power, and it
cannot remove unmeasured confounding from clinician
selection, patient preference, cost, or expected compliance
[19, 38, 39].

Matched sample analysis

The matched-sample LMM showed substantial PAR
improvement in both groups, but the procedure-by-time
interaction remained statistically non-significant and
imprecise. Compared with the unmatched estimate, the
matched interaction coefficient moved closer to zero,
suggesting that part of the unadjusted difference reflected
baseline severity and case-selection imbalance rather than a
true procedure effect. However, the matched sample
contained only 140 patients, so the analysis had limited
ability to detect small but clinically relevant differences.
This limitation is important because aligner and fixed-
appliance comparisons often depend on selected case types,
mild malocclusion samples, and variable outcome
definitions [1, 25, 29].

Practical implications for orthodontic practice
Interpretation of findings under uncertainty
The results should be interpreted as evidence of uncertainty,
not proof that fixed appliances and clear aligners are
clinically equivalent. Both groups improved substantially,
but wide confidence intervals around the procedure-by-time
interaction mean that clinically meaningful differences
could still exist. Measurement error in PAR scoring,
incomplete compliance recording, and differential attrition
all attenuate confidence in a clean comparative conclusion.
This cautious interpretation aligns with comparative
orthodontic evidence showing that outcomes differ by case
selection, treatment complexity, assessment protocol, and
clinical setting [2, 30, 59].

Recommendations for clinical decision-making
Given the absence of clear statistical superiority,
orthodontists should use shared decision-making that
considers esthetics, cost, comfort, hygiene, dietary
preferences, treatment complexity, and the likelihood of
adherence. Clear aligners may be attractive to patients
prioritizing appearance and removability, while fixed
appliances may be preferable when compliance is uncertain

or complex tooth movements are anticipated. Patient-
reported outcomes, dietary changes, and oral-health impacts
should therefore be integrated with occlusal outcomes rather
than treated as secondary concerns. This broader
interpretation is supported by longitudinal quality-of-life,
pain, oral microbiome, and dietary evidence in orthodontic
populations [8, 9, 26, 60].

Model diagnostics, sensitivity, and power
LMM residual diagnostics

Residual diagnostics showed approximate normality in the
central portion of the Q-Q plot, but mild tail departures were
present among patients with very high baseline PAR scores.
Residual-versus-fitted plots suggested slightly greater
variability among severe malocclusion cases, although this
did not materially change the estimated procedure-by-time
interaction. Cook’s distance identified six influential
patients, mostly with sparse follow-up and high residual
PAR at last observation, and excluding them changed the
interaction estimate by less than one PAR point. These
findings indicate that model assumptions were imperfect but
not catastrophically violated, which is typical when
orthodontic outcome measures are derived from
heterogeneous clinical records [21, 31, 51].

Sensitivity analyses

Sensitivity analyses compared complete-case versus
imputed models, unmatched versus matched samples, LMM
versus GEE, and alternative covariance structures. Across
these analyses, the estimated procedure-by-time effect
ranged from a 1.6 PAR-point advantage for fixed appliances
to a 0.8 PAR-point advantage for clear aligners, with all
confidence intervals crossing zero. The range of estimates
shows that the conclusion depends partly on missing-data
handling and adjustment strategy, even though no analysis
provided strong evidence of procedure superiority. This
instability is consistent with concerns raised in orthodontic
trials and observational studies about dropout handling,
missing data, and methodological transparency [14, 15, 18,
20].

Table 2 presents the analytical decision matrix used to
connect each modeling choice with its methodological
advantage and remaining inferential limitation.

Table 2. Analytical Decision Matrix for Estimating Orthodontic Treatment Effects under Imperfect Longitudinal Data

Analytical Main manuscript Alternative Why the main choice strengthens the Ce L
. . . . . Remaining limitation
decision point choice considered analysis
. Actual months since Nominal Preserves irregular follow-up timing and Requires accurate visit-
Time scale . .. . . .
baseline visit labels avoids false equal spacing date recording
. . . Repeated- . . . . .
Primary Linear mixed effects measUres Retains partially observed patients and Assumes missingness is
model model ANOVA models within-patient correlation adequately addressed
Random Random intercept with Random Allows patient-specific baseline severity Random slopes may fail
effects random slope when intercept and rate of change to converge in sparse data
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stable only
- Multiple imputation Complete- . L .
Missing Juttipie impu p Reduces bias from excluding incomplete =~ MAR assumption may not
with predictive mean case .
outcomes . . patients fully hold
matching analysis
. . Ignoring . .
Attrition Pattern-mixture dropout Tests whether conclusions shift under Cannot prove the true
assessment sensitivity model ot 'fms dropout-related outcome patterns MNAR mechanism
. . Unadjusted . Reduces sample size and
Confounding Propensity score Jus Improves measured baseline 11CeS Sampie S12
. . regression . cannot adjust unmeasured
adjustment matching comparability between procedures
only factors
Population- . . . .
opuiatio GEE sensitivity Checks whether conclusions depend on Less informative about
average . LMM only . . - . . .
. analysis subject-specific modeling individual trajectories
comparison
Residual, infl Reporti e e . . Di ti
Model esidual, influence, cporting Identifies instability, influential patients, 1agnoSHCs are
and convergence coefficients . S descriptive and require
adequacy . ; and assumption violations .
diagnostics only judgment
. 1 . . . P ins limi
Power Post-hoc precision .SO ¢ Prevents mislabeling inconclusive results ower remains imited
. . reliance on - after matching and
interpretation assessment as no difference
p values dropout
. . Cauti - . N . . C t determi
Clinical autious nof Equivalence Aligns inference with wide confidence annot determine
. superiority . . . definitive comparative
conclusion . . claim intervals and imperfect data .
interpretation effectiveness

Post-hoc power and precision

A post-hoc precision assessment used the observed matched
sample size, the 22% overall dropout rate, the inter-
examiner ICC of 0.78, and a minimal clinically important
difference of 4 PAR points. The matched analysis had power
below 0.80 for detecting a 4-point difference in longitudinal
PAR change, mainly because matching reduced the sample
and attrition reduced later observations. This means that the
non-significant interaction should be described as
inconclusive rather than as evidence of no clinical
difference. Future power calculations should account for
unequal group sizes, missing time points, measurement
error, and expected attrition rather than assuming a perfectly
balanced repeated-measures design [5, 59, 61].

Limitations
Dataset-specific limitations

This dataset was limited by non-random treatment
assignment, differential dropout, incomplete compliance
recording, measurement error, and single-center clinical
workflow. Even after propensity score matching, residual
confounding may remain because patient motivation,
socioeconomic constraints, clinician preference, and
expected cooperation were not fully captured. The inter-
examiner ICC of 0.78 indicates moderate measurement
error, which may have attenuated estimated treatment
differences and widened uncertainty. These limitations
resemble  challenges reported across orthodontic
observational research, educational clinical settings, and
outcome-assessment studies [19, 44, 45, 47].

General limitations

The study did not include consistent blinded outcome
assessment, long-term relapse records, or standardized
patient-reported outcomes at every time point. Compliance
was recorded inconsistently, which is particularly
problematic for aligner treatment because wear time may
modify the treatment trajectory. Follow-up ended at
treatment completion, so the analysis cannot evaluate post-
treatment stability or relapse beyond the active-treatment
period. These limitations matter because long-term stability,
oral health-related quality of life, and relapse may alter the
practical meaning of short-term PAR improvement [4, 5,
10].

Conclusion

This real-world longitudinal analysis found substantial PAR
improvement in both fixed-appliance and clear-aligner
patients, but it did not provide decisive evidence that one
procedure was superior. The result is best understood as a
realistic estimate under imperfect clinical conditions rather
than a definitive comparative-effectiveness judgment.
Differential dropout, missing outcomes, irregular timing,
baseline imbalance, and measurement error all limited the
strength of inference. The wide confidence intervals mean
that clinically meaningful differences cannot be ruled out.

The main methodological lesson is that longitudinal mixed
models are better suited than complete-case repeated-
measures approaches for imperfect orthodontic records.
Modeling actual time allowed delayed and irregular visits to
contribute information without pretending that all patients
followed the same schedule. Multiple imputation changed
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point estimates compared with complete-case analysis,
showing that missing-data assumptions were not trivial.
Pattern-mixture sensitivity analysis was essential because
attrition may have been related to treatment experience or
progress.

For orthodontic practice, the findings support cautious
shared decision-making rather than procedure superiority
claims. When statistical evidence is inconclusive, patient
preference, esthetic concerns, cost, hygiene, treatment
complexity, and expected adherence should remain central
to procedure selection. Fixed appliances and clear aligners
both produced meaningful improvement in this dataset, but
the available evidence does not justify declaring clinical
equivalence. Orthodontists should communicate that
uncertainty honestly when discussing treatment options with
patients.

Future comparative orthodontic research should use
multicenter prospective registries with standardized
repeated outcome collection. Better retention strategies,
calibrated examiners, consistent compliance measurement,
and complete follow-up would improve both statistical
power and clinical interpretability. Raw visit dates,
missingness reasons, and procedure metadata should be
preserved so that longitudinal methods can be applied
properly. Stronger datasets are needed before definitive
conclusions can be drawn about comparative treatment
effectiveness.
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