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Introduction: Emerging workflows in orthodontics enable automated analysis of digital models and production
of physical study models from digital files for the evaluation of treatment outcomes. The objective of this study
was to compare the automated assessment of digital orthodontic models and the hand grading of 3D-printed
models with the use of the American Board of Orthodontics cast-radiograph evaluation (ABO CRE) system.
Methods: Plaster models from 15 cases were scanned with the use of a desktop model scanner to create digital
models from which physical models were produced with the use of a stereolithography-based 3D printer. All
digital models from each case were graded with the use of an automated software tool (SureSmile), and
3D-printed models were scored by hand with the use of the ABO CRE grading system. All hand-graded
models were scored a second time at least 2 weeks later. Results: SureSmile gave statistically significantly
higher scores to alignment and rotations (P\ 0.001), overjet (P\ 0.001), occlusal contacts (P\ 0.001), and
total score (P \ 0.001). Hand grading scored higher in buccolingual inclination (P \ 0.001). No significant
differences were found in marginal ridges, occlusal relationships, and interproximal contacts. Conclusions:
Scores assessed in an automated manner by SureSmile are generally significantly greater than those assessed
by hand grading. (Am J Orthod Dentofacial Orthop 2019;155:886-90)
Assessment of the clinical outcomes of orthodon-
tic treatment provides a mechanism through
which the thoughtful clinician can review and

refine their treatment approach. Orthodontic residency
programs, in particular, apply extensive evaluation of
treatment outcomes in clinical training, and research
studies commonly use case assessment metrics in the
discovery of evidence to guide clinical practice. Although
a variety of orthodontically relevant metrics present util-
ity in assessing outcomes, the cast-radiograph evalua-
tion (CRE) system of the American Board of
Orthodontics (ABO) presently serves as a benchmark
approach for measuring final treatment outcomes.1
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The CRE involves application of 8 criteria in case
evaluation: alignment and rotations, marginal ridges,
buccolingual inclination, occlusal relationships, occlusal
contacts, overjet, interproximal contacts, and root angu-
lation. Conventionally, case evaluation with the use of
the CRE involves measurements taken by hand on plaster
cast models with the use of a measuring gauge.2 Howev-
er, recent developments in digital technologies and asso-
ciated workflows in orthodontics present new options
for case evaluation. For example, intraoral scanning
technologies enable the generation of digital models,
which have been shown to be as accurate as plaster
cast models.3 Accordingly, clinicians can apply
software-based tools to duplicate, manipulate, and
analyze models digitally without requiring a physical
cast. In addition, 3-dimensional (3D) printing technolo-
gies provide a mechanism for generation of a physical
model from the digital file in cases where a tangible ob-
ject is desired.

A number of software tools support analysis of digital
models with user-defined landmarks, and these software
tools have been shown to be limited only by landmark
identification.4 Comparison of CRE scores obtained
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Fig. Photograph of a representative plaster model (left), screen capture of the corresponding digital
model after scanning (middle), and photograph of the 3D-printed resin duplicate of the model (right).

Scott et al 887
with user-selected landmarks on digital models versus
hand grading of cast models indicates a lack of correla-
tion. The scores showed a difference in 3 criteria,
namely, alignment and rotations, occlusal contacts,
and overjet.5 The current software allowing user-
selected landmarks is not adequate for scoring all pa-
rameters as required by the ABO CRE.6 Some software
platforms now present the ability to conduct automated
evaluation of digital models in accordance with the ABO
CRE. For example, SureSmile (OraMetrix, Richardson,
Texas) accepts models in multiple digital file formats
and performs automated grading by means of computer
algorithms to identify landmarks and assess digital casts.

The application of software-driven tools for auto-
mated grading of digital models presents clear potential
advantages for clinicians and researchers in assessing
treatment outcomes objectively, reproducibly, and effi-
ciently. Nevertheless, in the dawning era of digital ortho-
dontics, it remains unknown how the automated
grading of digital models compares with traditional
hand grading of physical models produced from the cor-
responding digital files via 3D printing. Elucidation of
the potential differences in grading arising from these
workflows will inform the clinical and research commu-
nities of the strengths and potential limitations of each
approach. The specific objective of the present study
was to compare the automated assessment of digital or-
thodontic models and the hand grading of 3D-printed
models using the ABO CRE grading system.
MATERIAL AND METHODS

Fifteen sets of stone models that were presented pre-
viously to the ABO for CRE and received passing scores
were scanned with the use of an R700 desktop scanner
(3Shape, Copenhagen, Denmark). The study protocol
was determined to qualify for exempt status according
to 45 CFR 46.101(b) by the Institutional Review Board
American Journal of Orthodontics and Dentofacial Orthoped
of The University of Texas Health Science Center at
Houston (HSC-DB-17-0168). Each arch was scanned
separately and then in occlusion, resulting in 30 files
matched with information that would allow digital artic-
ulation of models in occlusion. The resulting digital files
were converted to STL format. The 30 STL files, 1 maxil-
lary and 1 mandibular file for each model, were used to
3D-print 30 arches in a Form 2 (Formlabs, Somerville,
Mass) 3D printer and a gray photopolymer resin
(GPGR03; Formlabs) at 50-mm print layer height (Fig).
Formlabs Preform software version 2.11.1 was used to
arrange the models on the build platform. All models
were printed in their entirety as scanned, including the
ABO base, and positioned so that the occlusal plane
was parallel to the build platform and the occlusal sur-
faces were oriented away from the build platform.

The models were removed from the build platform
after print completion and washed in 2 separate immer-
sion baths of 2-propanol for 10 minutes in each, per the
manufacturer's instructions.7 The models were removed
from the second bath and allowed to air dry at room
temperature. The bottom of each model was labeled
with a coded identifier.

The 3D-printed models for each of the 15 cases were
graded by 8 ABO CRE–calibrated graders: 4 board-
certified faculty members and 4 second-year orthodon-
tic residents. Graders were calibrated in the use of the
ABO measuring gauge with the ABO CRE instructions
and YouTube videos published by ABO.8 Each grader
evaluated each model twice with at least 2 weeks be-
tween grading sessions. Scores for alignment and rota-
tions, marginal ridges, buccolingual inclination,
overjet, occlusal contacts, occlusal relationships, and
interproximal contacts were recorded on ABO CRE work-
sheets.2 Root angulation was not considered in this
study, because presently there is no known automated
means by which it can be evaluated. All scores were
transferred to a spreadsheet for analysis.
ics June 2019 � Vol 155 � Issue 6



Table I. Wilcoxon paired signed rank test: faculty
versus residents

Metric Faculty Residents P
Alignment and rotations 3.13 5.04 0.0007211*
Marginal ridges 3.00 3.55 0.02107y

Buccolingual inclination 3.97 3.93 0.5316
Overjet 1.61 1.30 0.1069
Occlusal contacts 2.58 1.66 0.004647y

Occlusal relationships 3.35 3.74 0.1392
Interproximal contacts 0.030 0.200 0.05447
Total 17.8 19.3 0.003971y

*P\ 0.001; yP\ 0.05.

Table II. Wilcoxon paired signed rank test: hand
grading versus SureSmile

Metric Hand grading Sure Smile P
Alignment and rotations 3.75 13.2 6.104e�05*
Marginal ridges 3.28 3.27 0.9321
Buccolingual inclination 3.95 2.27 0.0008898*
Overjet 1.45 6.47 6.104e�05*
Occlusal contacts 2.12 7.40 6.104e�05*
Occlusal relationships 3.55 4.06 0.3338
Interproximal contacts 0.110 0.000 0.05791
Total 18.5 36.7 0.00007247*

*P\ 0.001.
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Each of the 15 cases was submitted digitally to
SureSmile and modeled as diagnostic models in prep-
aration for automated grading. The SureSmile pro-
gram is able to automatically select landmarks and
render a score based on the ABO CRE. The landmarks
are user adjustable, but were not manipulated for the
purposes of this study. The ABO CRE scores were
downloaded for each model and transferred to a
spreadsheet for analysis.
Statistical analysis

Due to lack of normality, Wilcoxon paired signed
rank tests were used to compare faculty and resident
hand-grading results. Wilcoxon paired signed rank tests
were also used to compare the score for each criteria as-
sessed by SureSmile versus hand grading across both
time points. All P values were 2 sided, and P
values\0.05 were considered to be significant.
RESULTS

As Table I indicates, faculty and residents differed in
some evaluation criteria but were similar in others. Res-
idents assessed higher scores for alignment and rotations
(P\ 0.001), marginal ridges (P\ 0.05), and total score
(P\ 0.004). Faculty assigned higher scores to occlusal
contacts (P\0.005). Criteria such as buccolingual incli-
nation, overjet, occlusal relationships, and interproximal
contacts were not significantly different between resi-
dents and faculty.

Comparing hand grading versus SureSmile grading,
Table II indicates that SureSmile assessed statistically
significantly higher scores to alignment and rotations
(P \ 0.001), overjet (P \ 0.001), occlusal contacts
(P\ 0.001), and total score (P\ 0.001). Hand grading
scored higher in buccolingual inclination (P \ 0.001).
No significant differences were found in marginal ridges,
occlusal relationships, and interproximal contacts.
June 2019 � Vol 155 � Issue 6 American
DISCUSSION

The differences in scores for faculty and residents for
the criteria of alignment and rotations, marginal ridges,
and total score are possibly due to inexperience of resi-
dents in evaluation. This was not a surprise, despite their
receiving the same calibration training. Faculty were
more experienced graders who had all participated in
the ABO certification process as applicants or graders.

The scores for marginal ridges, occlusal relationships,
and interproximal contacts showed no significant differ-
ence between hand grading and SureSmile grading. This
is perhaps due to the design of the measuring gauge
used to evaluate items such as marginal ridges. If the
marginal ridge blocks the passing of the gauge and cor-
relates with the 1 mm mark, 1 point is scored. If it blocks
the passing of the 2 mm mark, 2 points are scored.
Occlusal relationships are graded by comparing cusp
tips to landmarks by direct measure with the gauge.
Interproximal contacts are evaluated by the visual pres-
ence of space between teeth and the ability to pass the
narrow edge of the gauge through the contacts. The
direct visualization may make it easier for hand graders
to identify points effectively.

However, multiple metrics were significantly
different between SureSmile and hand grading. Align-
ment and rotations scores were on average 9.45 points
higher in SureSmile grading than hand grading
(P \ 0.001). This is likely due to the inability to use
the measuring gauge to assess angles directly. Previous
research on the subject of angle perception indicates
that without reference, judging angles is challenging.9

Accordingly, grading the discrepancy in alignment and
rotations along an arc without a direct reference would
present challenges for hand graders. On the other hand,
SureSmile software likely is able to mark discreet points
on that arc to calculate deviation accurately.

Buccolingual inclination was scored, on average,
1.68 points higher by hand grading than by SureSmile
(P \ 0.001). The ABO measuring gauge presents
Journal of Orthodontics and Dentofacial Orthopedics
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millimetric steps that can be used to judge buccolingual
inclination discrepancies on either the maxillary or
mandibular arch. The grader is required to align the
gauge with the cusp tips and then judge whether the
steps on the gauge are able to clear the cusp to be
graded. If the first step clears, 1 point is scored. If the
second step clears, 2 points are scored. Grading with
this measuring gauge may be challenging because it re-
quires the grader to maintain contact with 2 separate
points across the arch while assessing the scoring cusps.
The gauge easily could be dislodged from the opposite
cusp, finding rest on a lower part of the cusp, causing
the gauge to angle away from the cusp to be graded
and thus increasing the measurement. SureSmile likely
is able to digitally mark the landmarks and assess them
for these metrics, thereby mitigating error encountered
in the identification and maintenance of landmarks
when grading by hand.

Overjet was graded 5.02 points higher on average by
SureSmile compared with hand grading (P\0.001). The
score for overjet is determined with the arches in occlu-
sion. Anterior teeth are evaluated by visualization of the
presence of contact between teeth; if the teeth do not
contact, points are assessed based on the lack of contact
(in millimeters) using the edge of the measuring gauge.
In hand-articulated models, it is possible to shift the oc-
clusion based on unintentional pressure placement.
Such a shift could give the appearance that teeth are
in contact when they normally would not be. Another
evaluation metric is posterior overjet. The posterior over-
jet is measured from the mandibular buccal cusps to the
central fossae of the maxillary teeth. This metric is diffi-
cult for hand graders to assess owing to the visual inter-
ference presented by the maxillary buccal cusps, which
impede direct straight-line measurement from mandib-
ular tooth to fossae.

Occlusal contacts were graded 5.28 points higher on
average by SureSmile compared with hand grading
(P\ 0.001). Hand grading of occlusal contacts requires
visualization of space between cusps and fossae while in
occlusion. The same issue of pressure during hand-
articulation may present an explanation for the discrep-
ancy observed with this metric. Also, grading of the
occlusal contacts of the lingual cusps requires viewing
the contacts in occlusion as if one were standing on
the tongue. Manipulating the casts and visualizing
without shadows is challenging with the dark gray resin
used in fabricating models in the present study. Sure-
Smile presents the potential to mark the cusps and
fossae and then calculate the distance between the
points while digitally occluding the models.

The total score was calculated to be 18.2 points
higher on average by SureSmile than by hand grading
American Journal of Orthodontics and Dentofacial Orthoped
(P\ 0.001). Given that many of the individual criteria
were scored higher by SureSmile, it is not surprising
the summation of the metrics is greater. In general, the
automated grading by SureSmile appears to be far
more rigorous and exacting than grading by hand. It is
understandable that this is the case, given the ability
of the software to precisely measure distances between
selected points and variations from an archform. Many
of the scores calculated by SureSmile were double the
scores calculated by hand. However, it is important to
note that root angulation was not included in the total
score calculation in the present study, because no known
automated method exists for scoring root angulation.

Metrics for which scores were significantly different
were alignment and rotations, buccolingual inclination,
overjet, and occlusal contacts. A previous study used Or-
thoCAD (Cadent, Fairview, NJ) to compare digital grading
and hand grading of stone models and found results
similar to ours. The use of OrthoCAD software requires
the user to select landmarks on a digitalmodel. The results
indicated statistically significant differences in alignment,
occlusal contacts, overjet, and total score.5 That study
indicated that the digital method is reproducible but
does not give the same score for each criterion as deter-
mined by hand with the use of the ABOmeasuring gauge.
The researchers concluded that there is no replacement
for the manual scoring of the ABO objective grading sys-
tem, which is the previous name for the CRE.5,6

Despite the evolution of the ABO certification pro-
cess, at the present time there does not appear to be a
suitable replacement for the CRE in evaluating case
quality. As the field of orthodontics continues to
embrace digital technologies, the value of case assess-
ment can not be overstated in the digital workflow.
The present study shows a clear difference in hand
grading versus automated computer grading. The results
provide insight as to what areas of assessment are
different and the degree to which they differ. These find-
ings open the door to future investigation as to how to
standardize the automated score so it correlates with a
traditional hand-graded score. This could take place
with a modification of the scoring algorithm, an adjust-
ment of the scores to reflect hand grading, or a new scale
for passing in digitally graded cases.

Limitations of this study include recognition that the
details of the proprietary methods by which diminutive
cusp anatomy was considered and landmarks automati-
cally identified in the software were not known to the in-
vestigators and that the landmarks were not adjusted by
the user. However, digital grading by hand selection of
landmarks has been evaluated inmultiple previous inves-
tigations.4,10 In the digital workflow, the automated
selection of landmarks would save time for the clinician
ics June 2019 � Vol 155 � Issue 6
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or researcher, and the user could adjust specific
landmarks if desired.

The use of SureSmile or similar digital grading tools
in assessing outcomes would streamline the research
process, eliminating what amounts to hours of work
when grading multiple models by hand. Furthermore,
it would allow a clinician to immediately identify defi-
cient areas after a quick intraoral scan, make adjust-
ments to treatment, and deliver results that would be
considered excellent in the CRE.

CONCLUSIONS

1. Scores assessed by SureSmile are generally signifi-
cantly greater than those assessed by hand grading,
as reflected in the total score.

2. If SureSmile is to be used for evaluation of case
quality, the digital scores should be comparable to
values obtained by hand grading.

3. SureSmile scores need not match hand grading
scores, if scaled properly to reflect the quality of
the finish.

4. Future research could investigate methods of score
adjustment to obtain consistency between methods
as well as compare the landmarks selected by Sure-
Smile and hand grading.
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