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Reproducibility and reliability of dental arch
measurements: comparing of manual, digital,
and app-based methods
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Abstract

Background Knowing the available dental space in a patient is crucial for orthodontists to develop a good treatment
plan.

Objectives To compare and evaluate the reliability, reproducibility, and accuracy of three measurement methods
on models: conventional, mobile app, and digital software. Materials and methods: Maxillary and mandibular dental
plaster models of 20 subjects with permanent dentition were analyzed. Three measurements were taken: manually
using a digital caliper, using Nemocast 3D® software, and using the mobile app “Ruler! These were performed by the
same observer at the same initial time (T1) and repeated after 15 days (T2).

Results The three methods measured each of the quadrants and each of the dental pieces similarly, with no
significant differences found. Significant differences were found between the different measurement times in
the manual and app ruler measurement groups. Intra-observer consistency was also observed through Pearson
correlations. The measurement from the mobile app “Ruler” presented lower values compared to the other two
models, especially with the measurements taken for each quadrant.

Conclusion The three methods used for measuring dentoskeletal discrepancy are similar in terms of results.
However, Nemocast 3D software showed greater reproducibility and reliability compared to the other two methods
presenting consistency in the results measured at both time points, which may be useful for our diagnoses.

Trial registration The study was conducted according to the ethical standards set by the Declaration of Helsinki for
Biomedical Research and the protocol was approved by the Bioethics Committee of the University of Salamanca with
number 23/1074.

Keywords Plaster model, Space analysis, Digital study models, Smartphone dental apps, Digital orthodontic
measurement, Orthodontic artificial intelligence
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Introduction

Orthodontic study models, along with the patient’s his-
tory, radiological examination, and clinical examination,
allow the professional to achieve an orthodontic diagno-
sis and accurate treatment planning [1-3]. Dental arch
discrepancy ) results from the difference between the arc
length, called “available space,” and the mesiodistal length
of each tooth mesial to the first molar, called “required
space” It is diagnosed by observing a series of patient
symptoms, clinical signs, and radiological signs. This dis-
crepancy between tooth size and jaw dimension is the
most common reason patients visit orthodontic consul-
tations. Therefore, more digitalized and computerized
tools are increasingly being implemented to facilitate its
evaluation and thus allow for better orthodontic treat-
ment planning [4—6].

Traditionally, orthodontists have used plaster den-
tal models and calipers (manual or digital) to perform
tooth width measurements. With adequate impression
and casting techniques, these models can provide precise
reproducibility of dentition and surrounding structures
[7-10]. However, these models have certain limitations,
such as the risk of chipping, abrasion, or breakage, creat-
ing the need for storage space and associated costs [7, 8,
10].

Currently, various methods for obtaining digital mod-
els and/or measurements have emerged, as they have
several advantages such as easy access and storage, in
addition to facilitating communication between differ-
ent professionals [11-13]. After the introduction of these
new techniques in the market, multiple studies have been
conducted comparing linear measurements of digitalized
models versus manual measurement in plaster models [7,
13-18].

The advantages of these digital methods largely rely on
the reliability of both the software and the hardware of
the digitization, but it is also necessary for the operator
to master the measurement technique [19, 20]. There is
an increasing availability of orthodontic applications
identified in Apple App Store and Google Play Store [21,
22]. Among these specific orthodontic tools are some
related to model analysis, which function through photo-
grammetry, a process in which overlaid images produce
2D or 3D digital models [23, 24]. Other authors have
implemented the use of cbct or intraoral scanner for the
manufacture of 3d models [20, 25]. On the other hand,
various research studies have concluded that mobile
health applications, through the use of wireless devices
and smartphones, are spreading very quickly, contrib-
uting to improved patient outcomes, advancement in
health research, and healthcare services [26, 27].

Despite this current trend of using digital tools and
devices for dental measurement evaluation, there are
no studies that thoroughly analyze and compare the
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accuracy of orthodontic measurements (such as the dis-
crepancy in arch length, using mobile applications and
dental model analysis software). We have not found in
the literature any studies that analyze these three meth-
ods with the same purpose and very few analyze appli-
cations like the app ruler. The aim of this study is to
compare the reproducibility, reliability, and accuracy of
different methods of analyzing dental arch discrepancy
using Nemocast software, the mobile app “Ruler;” and the
traditional manual method. The null hypothesis of this
work is that there are no differences in terms of reliabil-
ity and reproducibility among the three methods of orth-
odontic model measurement.

Material and method

Sample size calculation and participants

For this study, a total of 20 participants were used, 11
males (55%) and 9 females (45%). This sample size is
similar to that of other analyzed articles 4,7,17,29]. The
average age of the patients was 14.5 years, with a range
between 13 and 18 years. The sample size required
for this study was estimated using GPower v. 3.1.9.6,
assuming a significance level of a=0.05, a statistical
power of 95%, and an effect size d=0.80, resulting in 19
participants.

The inclusion criteria were as follows: adolescent
patients, teeth with normal dental morphology, perma-
nent dentition, teeth without wear and abrasion. The
exclusion criteria were: patients with prostheses, teeth
with restorations, caries, morphological alterations, or
those in which interproximal reduction (IPR) had been
performed previously.

The study was conducted according to the ethical stan-
dards set by the Declaration of Helsinki for Biomedical
Research and the protocol was approved by the Bioethics
Committee of the University. All the patients who partic-
ipated in the study were informed about the procedures
to be followed and were provided with informed consent
for their approval.

Study design

Initially, alginate impressions were taken from each of the
patients (Cavex Impressional; Cavex Holland BV, Haar-
lem, The Netherlands) and immediately after, the plas-
ter model was obtained with white stone (Ryoka Dental;
Mie-Ken, Japan) with proportions indicated by the
manufacturer to ensure as much as possible that varia-
tions during setting due to misuse of the proportions are
minimized. For each patient in the sample, three sets of
measurements were taken at two different time points
(T1 and T2). T1 was the initial measurement moment,
and T2 was 15 days after the previous measurement. All
measurements were performed by the same operator (see
Fig. 1), taking as a reference the mesial faces of the first
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20 patients
45 % female
55 % male

Plaster Models
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Manual

Measuremtens
T1-Initial

Measurements
T2- 15 days

Fig. 1 lllustration of the flowchart of measurement with different techniques

molars. Each measurement was recorded using a differ-
ent methodology: manual method with measuring cali-
per, digital method through Nemocast 3D software, and
digital method through the mobile app “Ruler”

Manual method

The manual caliper is a measuring instrument designed
to measure and check small distances 4. For the manual
measurement of the models used in this study, a Mitu-
toyo vernier digital caliper (Mitutoyo Co, Kanagawa,

Software

App Ruler

1. Descriptive analysis of the total space.

2. Description of the measurements
according to location and method used

3. Analysis of time points of the variables.
4. Comparative Analysis of Time Points
According to Different Techniques

5. Comparative Analysis of Measurements
and Different Methods According to
Location

6.Comparative Analysis by Participants’
Gender

Japan) with modified tips and 0.01 mm precision was
used (Fig. 2a and b).

The digital caliper displays the measurement on a liquid
crystal display mounted on the sliding part and employs
the principle of the digital potentiometer. Measurements
were conducted with a lateral approach, that is, viewing
from the occlusal perspective of the study model, plac-
ing the tips of the caliper at a right angle to the axial axis
of the tooth being measured and with the handle of the
instrument parallel to the occlusal surface of the same.
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Fig. 2 (a, b) Mitutoyo vernier digital caliper

Fig. 3 Measurement performed using Nemocast 3D

Digital method using orthodontic diagnostic software

In this case, Nemocast 3D software version 11.3.1, 2013
(Nemotec, Madrid, Spain) was used. First, the models
were digitized and converted to STL format. Data were
entered and digital models were prepared with Nemocast
3D software (Fig. 3), following an ordered sequence of
steps:

+ Orientation in the three spatial axes X, Y, Z.

+ Placement of occlusal planes and midline.

+ Marking of the mesio-distal points of each of the
teeth included in the analysis.

+ The models were based according to ABO standards
(American Board of Orthodontics).

+ After obtaining the digitized model, the software
automatically provided any data required for
diagnosis.
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Digital method using the mobile app “Ruler”

Regarding measurement via mobile phone, the “Ruler”
app was used (Nguyen Minh, Vietnam). This app
included documents on how to operate the program,
capture images, and perform the measurement, and
which were properly consulted for correct use. For cali-
bration of the app, an external physical ruler and a credit
card were used, which were compared with the virtual
rulers and credit cards of the app. After that, a dimen-
sion pointer displayed the measured values of the object
in question, from which the required space and available
space were obtained (Fig. 4a and b).

Statistical analysis

Finally, statistical analyzes of the data were performed
using IBM SPSS Statistics software (version 29.0, IBM
SPSS Inc., Chicago, IL, USA). The main descriptives
(mean and standard deviation) were obtained for each
method, quadrant and time point. The reliability of the
methods was analyzed using Pearson correlations of the
total scores at T1 and T2. The Pearson coefficient was
used for the quantitative variables. To compare the mea-
surements of each method separately at T1 and T2, sev-
eral Student’s t-tests for paired samples were calculated
for each tooth, quadrant, and arch. Values of the p value
below 0.01 (p<0.01) were considered to be highly signifi-
cant results and p values below 0.05 (p<0.05) were con-
sidered significant. Regarding the comparison between
men and women, various Student’s t tests were calculated
for independent samples for each tooth, quadrant and
arch.



Alvarado-Lorenzo et al. BMC Oral Health (2024) 24:1568

your display has 401 pixels per inch (157.8 pixels per centimeter)

distances
meters/feet

units

Fig. 4 (a, b) Measurement of models by ruler application
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Table 1 Mean (Standard Deviation) of total measured space for each method and time point

Method Time Point

T, T,

Avail. space Req. space Dif. (mm) Avail. space Req. space Dif. (mm)
Manual 7159 72.79 (6.33) -1.20 (3.63) 71.92 (7.04) 7241 (6.02) -049 (3.58)

6.91)
Software 6848 (6.03) 68.85 (5.33) -0.37 (3.19) 68.69 (7.04) 68.80 (5.11) -0.11 (3.28)
App Ruler 69.93 (7.04) 7145 (6.46) -1.52 (4.66) 70.85 (6.47) 71.18 (6.14) -0.33

4

Avail. space=Available space. Req. space=Required space. Dif. = Difference between available space and required space measured in millimeters (mm)

Results
Descriptive analysis of the total space measured according
to the method used
After analyzing the total available and necessary space
in the different models at the first time point (T1), we
observed that the three methods used did not coincide in
obtaining the same measurement of dental arch discrep-
ancy. The same occurs if we analyze the results after the
15 days of the first measurement (T2), however, these dif-
ferences are smaller among the three methods (Table 1).
In the two time points analyzed, we observed that the
measurements obtained in terms of dental arch discrep-
ancy were lower using the software (Table 1).

Descriptive analysis of the measurements obtained
according to location and method used
Analyzing the data obtained according to location in
the dental arch, we found that negative dental arch dis-
crepancy is greater in anterior locations on both the left
and right sides, especially using the “Ruler” app at time
point T1 (-0.68 mm on the right anterior and —0.5 mm
on the left anterior). At time point T2, the greatest nega-
tive discrepancy is observed in the right anterior location
through manual measurement (-0.45 mm) (Table 2).
Measurements of dental arch discrepancy+were
obtained in the left posterior location both in mea-
surement with software (+0.39 mm) and Ruler app
(+0.09 mm) at time point T2 (Table 2).
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Table 2 Mean (standard deviation) of space measured for each method, quadrant, and time point
Sectors Method Time Point
T, T,
Avail. space Req. space Dif (mm) Avail. space Req. space Dif. (mm)
Posterior Right Manual 21.88(1.67) 22.05 (1.20) 7(1.39) 22.01(1.56) 21.84(1.20) 0.17 (1.09)
Software 21.26 (1.35) 21.39(0.99) 3(1.15) 21.21(1.29) 21.25(0.94) -0.04(1.12)
App Ruler 21.16 (147) 2142 (1.24) -0.26 (1.51) 2154 (2.04) 21.56 (1.35) -0.02 (1.75)
Anterior Right Manual 14.10 (2.65) 14.36 (2.62) -0.26 (1.10) 1414 (2.72) 14.35 (2.60) -0.21(1.15)
Software 13.02 (2.76) 13.32(2.16) -0.30 (1.36) 13.12 (2.55) 13.39 (2.20) -0.27 (1.15)
App Ruler 13.59 (2.65) 14.27 (2.38) -0.68 (0.44) 13.89 (2.58) 14.02 (2.22) -0.13(1.77)
Anterior Left Manual 13.79 (2.67) 14.21 (2.40) -0.42 (1.50) 13.90 (2.70) 14.35(2.25) -0.45 (1.58)
Software 12.82 13.11 (2.29) -0.29 (1.45) 12.90 (2.69) 13.09 (2.16) -0.19 (1.49)
App Ruler 13.67 (2.78) 14.17 (2.56) -0.50 (1.67) 13.78 (2.56) 14.04 (2.33) -0.27 (1.92)
Posterior Left Manual 21.81(1.48) 22,07 (1.22) -0.26 (1.15) 21.84(1.53) 21.88(1.21) -0.04 (1 26)
Software 21.38(1) 21.03(1.10) 0.35(0.68) 2146 (1.03) 21.07 (1) +0.39(0.75
App Ruler 21.50 (1.66) 21.58(1.48) -0.08 (1.36) 21.64(1.97) 21.55(1.55) +0.09 (1 56)

Avail. space = Available space. Req. space = Required space. Dif. = Difference between available space and required space measured in millimeters (mm)

Table 3 Comparison between measurements at the two
temporal moments, based on the measurement method
employed

Method M, M., d p
Manual -1.206 -0.497 0.709 <0.001**
Software -0.367 -0.307 0.259 0.137
App Ruler -1.522 -0.333 1.19 <0.001**

MT1; MT2=Means atT1and T2, d=effect size, mean difference (T2-T1), p: p-value
** Statistically significant results (p<0.01)

Table 4 Correlations between the scores of each model at each

time point

Method Correlation (Sector scores)  Correlation (Total score)
Manual 0.868" 0919”

Software  0.823" 0.879"

App Ruler  0414" 0.747"

**p<0.01

Analysis of Time points of the variables

No significant differences were found when comparing
the means obtained by the three methods in each quad-
rant, showing the consistency of the measurement of the
three methods. Regarding the effect of the time of mea-
surement, only the “Nemocast” software showed consis-
tency in the average measurement over time (p=0.137),
with significant differences found between T1 and T2
in the manual method (p<0.001) and the “Ruler” app
(p<0.001) (Table 3).

Additionally, Pearson correlations between the mea-
surements at T1 and T2 (scores by quadrant and total)
were analyzed, obtaining significant differences (Table 4).
The measurement from the mobile app “Ruler” showed
lower values than the other two models, especially with
the measurements taken for each quadrant, however,
the values for the manual method and the Nemocast
software were acceptable, which gives us an idea of the
reproducibility.

Comparative analysis of time points according to different
techniques

Table 5 presents the comparisons between pairs of meth-
ods for the total scores at each time point. In the first
measurement (T1), significant differences were found
between the measurement performed by the “Nemocast”
software and the “Ruler” app (d=1.15; p=0.027; 95% CI
[0.10-2.20]). In the second measurement (T2), no differ-
ences were found between the methods used. Subsequent
analyses were repeated using the scores by quadrant as
the unit of measure, finding no differences based on the
method neither at T1 nor at T2, Therefore, the manual
method and the Nemocast software have the best results
between them.

Table 5 Levels of significance of mean differences between models at each time point

Comparision Time Point

T, T

d p 1C95% d p 1C95%
Manual-Software -0.84 0.073 -1.74-0.06 -0.39 0.603 -1.34-057
Manual-App Ruler 0.32 0.777 -0.78-142 -0.16 0.913 -1.12-0.79
Software-App Ruler 1.15 0.027 0.10-2.20 0.22 0.845 0.73-1.18
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Table 6 Comparison of the difference in meansin T1 and T2 in each tooth and upper arch, for each measurement method used

Tooth Manual Software App Ruler

Media DT p Media DT p Media DT p
15 -0,125 0315 0,093 -0,082 0314 0,260 -0,025 0415 0,791
14 -0,030 0,330 0,689 -0,012 0,256 0,843 -0,090 0,440 0,372
13 -0,071 0373 0,406 -0,056 0,353 0,486 0,155 0,493 0,175
12 0,065 0,446 0,526 0,071 0414 0453 -0,070 0,511 0,547
1 -0,089 0,261 0,146 0,014 0,274 0,828 -0,295 0,666 0,025*
21 -0,049 0376 0,571 -0,056 0,255 0,342 -0,270 0,790 0,143
22 0,059 0,290 0,379 -0,099 0,270 0118 -0,086 0,584 0,523
23 -0,107 0337 0172 -0,067 0,637 0,644 0,005 0,749 0,976
24 -0,081 0,302 0,245 0,029 0,236 0,589 -0,170 0,606 0,225
25 -0,025 0,289 0,703 -0,004 0,346 0,954 0,195 0,454 0,070
Maxilar
AAL -0,014 0,797 0912 -0,070 0,813 0,589 -0,720 2,144 0,040*
IAL -0,225 0,580 0,004** -0,149 0,438 0,011* 0,040 1,081 0,775
DAL -0,213 0,485 0,007%** -0,043 0915 0,720 -0,010 1,565 0,961

Related-samples t-test (*: p<0.05; **: p<0.01; ***: p<0.001). AAL: Anterior Arch Length; IAL: Left Arch Length; DAL: Right Arch Length

Table 7 Comparison of the difference in means in T1 and T2 in each tooth and lower arch for each measurement method used

Tooth Manual Software App Ruler

Media DT p Media DT P Media DT p
35 0,005 0,344 0,954 0,445 0,268 0,467 0,040 0417 0,673
34 -0,077 0,244 0,174 -0,059 0,306 0,399 0,055 0,330 0,465
33 -0,137 0,321 0,073 -0,108 0,328 0,158 0,135 0,456 0,201
32 0,003 0,200 0,956 0,072 0,363 0,390 -0,04 0,490 0,719
31 0,006 0,196 0,892 -0,012 0,285 0,853 -0,045 0,450 0,660
41 0,132 0315 0,077 0,105 0,296 0,129 -0,045 0,679 0,770
42 0,138 0426 0,164 0,008 0,267 0,901 0,145 0,695 0,363
43 -0,039 0,232 0,468 0018 0/436 0,855 -0,020 0,588 0,881
44 -0,245 0,223 0,629 0,063 0,280 0,326 0,025 0,459 0,810
45 -0,111 0,326 0,144 0,029 0,352 0,717 -0,040 0438 0,688
Jaw
AAL 0,278 0,740 0,022* 0172 0,742 0,151 -0,035 1,561 0,888
IAL -0,209 0,606 0,010** -0,123 0,597 0,117 0,230 0,782 0,026*
DAL -0,174 0,527 0,013* 0,110 0,547 0,193 -0,040 1,261 0,807

Related-samples t-test (*: p<0.05; **: p<0.01; ***: p<0.001). AAL: Anterior arch length; IAL: Left arch length; DAL: Right arch length

Comparative analysis of measurements and different
methods according to location

Analyzing the measurements according to the dental
piece, it is observed that there are no statistically sig-
nificant differences between the measurement methods,
except in one case (piece 1.1 in “App Ruler”) (Table 6).

By sectors, we can distinguish between the upper and
lower arches. In the upper arch, the manual method pres-
ents statistically significant differences in the measure-
ments of the left (»<0.01) and right (p<0.001) sectors,
showing greater validity in the measurement both by
software and by mobile app (Table 6).

In the case of the lower arch, again significant differ-
ences appear in all sectors when measured with the
manual method, with the “Nemocast” software showing
measurements with greater temporal reliability (Table 7).

Finally, analyzing the measurements in each arch
(Table 8), it is observed that the measurement by the
“Nemocast” software is more reliable in the upper arch
(Table 8), while the “Ruler” app and the manual method
present more reliable scores in the lower arch (Table 9).

Discussion

Advanced computerized systems, digital models, and
mobile applications offer promising clinical solutions for
orthodontists. However, before deciding to introduce a
new method into daily practice, it is necessary to ensure
that this new measurement method is easily accessible,
accurate, repeatable, and reproducible, just like meth-
ods currently considered more traditional. Therefore,
the purpose of this study has been to compare the reli-
ability and validity of orthodontic measurements using
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Table 8 Comparison of the difference in means at T1 and T2 in the upper arch
Manual Software App Ruler
Media DT p Media DT p Media DT p
ED 0.137 0.446 0.000%** 0.029 0410 0319 0.176 1.654 0.134
EN -0.134 0527 0.000%*** -0.071 0.628 0.109 -0.135 1.264 0.133
DIF 0.271 0.682 0.000%** 0.100 0.765 0.065 0311 1.217 0.000%**

Paired t-test (*: p<0.05; **: p<0.01; ***: p<0.001). TD: Total available space (sum of each sector); TN: Total necessary space (sum of each sector); DIF: Difference

between total available space and total necessary space

Table 9 Comparison of the mean difference at T1 and T2 in the lower arch

Manual Software App Ruler

Media DT p Media DT p Media DT p
ED 0016 0482 0.633 0.060 0378 0.026* 0.297 2.295 0.069
EN -0.059 0572 0.144 0.031 0.581 0457 0.050 1.029 0.493
DIF 0.076 0.664 0.109 0.029 0.672 0.541 0.247 2222 0118

Paired t-test (*: p<0.05; **: p<0.01; ***: p<0.001). TD: Total available space (sum of each sector); TN: Total necessary space (sum of each sector); DIFF: Difference

between total available space and total necessary space

“Nemocast” software, the “Ruler” mobile app, and the
conventional method using a digital caliper.

Although manual measurements of the study model
are often considered the standard, the accuracy of tooth
width values measured with different methods depends
both on the accuracy of the dentition replication process
and on the consistency and accuracy of the measure-
ment process. In theory, when using orthodontic plaster
models, the expansion caused by the setting of dental
plaster is compensated by the contraction that occurs
in the impression material [29]. Consequently, the three
most important factors that could significantly alter the
accuracy of measurements made using calipers on physi-
cal study models are: the challenging access in dentitions
with crowding, difficulties in locating distal and mesial
reference points due to aberrant interproximal dental
anatomy, and inconsistencies in carrying out established
measurement protocols [26, 29].

Regarding the standard deviations of the total space
measured for each method and time point, the values
obtained by the mobile app “Ruler” (-1.52 mm at T1
and —0.33 mm at T2) were the closest to the manual
method (-1.20 mm at T1 and —0.49 mm at T2). The val-
ues obtained by the software were the lowest at both time
points; a finding consistent with the studies by Griinheid
T et al. [7] and Nalcaci et al. [17], where similar results
were obtained, showing that the values obtained by soft-
ware, in digital models, were always lower. However,
in the study conducted by Koretsi V et al. [19], greater
mesiodistal sizes were obtained in digital measurements
compared to manual ones.

Regarding the measurements of each quadrant, no sta-
tistically significant differences were found. No statisti-
cally significant differences were obtained in individual
measurements at the level of each dental piece except for
piece 11 with the “Ruler” app method. Therefore, it could
be concluded that the three methods measured each of

the quadrants similarly. Other authors have reached simi-
lar conclusions in their studies where no statistically sig-
nificant differences were found in the values obtained in
both digital and physical models [20, 26-32].

Moreover, measurements in each arch were also ana-
lyzed, where software measurements were more reliable
in the upper arch with no significant differences in the
comparison of mean differences at T1 and T2 (p=0.065).
In the lower arch, it seems that the measurements were
reliable with all three methods.

Regarding the upper arch, significant differences were
found in the measurements of the left and right sec-
tors (p=0.004 and p=0.001 respectively) in the manual
method, obtaining greater validity in the measurements
by software and mobile app. And regarding the lower
arch, significant differences were found in all sectors in
the manual method (AAL: p=0.022, IAL: p=0.010, DAL:
p=0.013), with no significant differences found in any of
the sectors by the software method.

Therefore, it could be deduced that the software has
been the method with the greatest reproducibility and
temporal reliability and could be considered as an accept-
able alternative in clinical practice. This result is con-
sistent with various studies where the digital workflow
using software demonstrated greater reproducibility and
reliability, also showing that measurements were signifi-
cantly faster to obtain compared to those made by the
traditional manual method in plaster models [7, 13, 22].
According to different authors consulted, both measure-
ments made by Orthocad [28, 33, 34], Emodels [7, 28],
SureSmile [7, 34], AnatoModels [7], Mirror [7], Biblio-
cast Cécile 3 [33], and Maestro 3D [35] seem to be a good
alternative in terms of accuracy and reliability compared
to direct measurements on plaster models. This type of
software can also be useful for performing other mea-
surements in our field, such as analyzing and quantifying
dental movement produced during treatment [36].
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Furthermore, Pearson correlations were calculated
between the measurements of each model (total and
quadrant scores) at each time point. Although the cor-
relations were significant, the measurements obtained
from the mobile app “Ruler”; presented lower values
than the other two models (0.414 for the quadrant cor-
relation and 0.747 for the total correlation). According
to the results obtained, the method with the least reli-
ability and reproducibility would be the measurement by
the mobile app “Ruler”. This result is consistent with the
study by RS Alwakeel et al. [5], where although the preci-
sion in the measurements of conventional models com-
pared to those made using iPhone or Android software
was similar, the measurements of available and required
space using digitized photographs showed significant dif-
ferences compared to the manual method. Other authors
obtained different results. In the study by Prabhu K et
al. [35] with the Scann 3D software for smartphones,
although they observed, in the statistical analysis, that
the standard deviation was greater in the premolar
region, they were able to conclude that this mobile app
was adequate and reliable compared to the traditional
method; findings similar to the study by Morris RS et al.
[37] where digital models created by the smartphone app
DM were considered accurate enough for clinical use.

However, the results conducted so far on their reli-
ability show contradictory results regarding the results
obtained [5, 37]. Therefore, the use of mobile applica-
tions, in spatial analysis, still requires further scrutiny to
demonstrate that they are useful and reliable for use as
scientific and medical techniques.

One of the largest sources of random error according to
different authors is the difficulty in identifying reference
points [7, 19, 28, 30, 35]. In the present study, common
definitions of anatomical points are adopted, considering
that there will always be some imprecision in the iden-
tification of points, inherent to the analysis of models
itself, regardless of the system used, i.e., a contact point
could be a contact area, which would cause certain inac-
curacies [19]. This task may be more difficult in digital
measurements because examiners rely solely on subjec-
tive visual interpretations for the identification of refer-
ence points (since a three-dimensional structure appears
as a two-dimensional image). Additionally, despite the
high resolution of the software, the additional tactile sen-
sation provided by physical models is absent with this
new method. It should be noted that, in digital measure-
ments, a specific limitation known as the “shape assump-
tion” phenomenon occurs. The software inherently fills
interproximal areas, when these are not entirely clear,
are absent, or not captured, using patented mathemati-
cal algorithms, which is a potential source of inaccura-
cies. It may also be important to note that the operator’s

Page 9 of 11

experience in making measurements may alter the results
[15, 29].

These inaccuracies in measurements could also be due
to another factor that alters the reliability or reproduc-
ibility of the values obtained, such as the training and
experience of the examiner with the systems used in digi-
tal measurements [5, 19, 28, 30]. Reuschl RP et al. [28].
also suggest that there is a learning curve, more specifi-
cally in digital measurements, which will lead to smaller
deviations as the observer becomes familiar with the
technique. Therefore, errors are inevitable, as the mea-
surements were carried out by human operators and
these can improve with experience [30].

Tomasseti et al., analyzed the accuracy and efficiency
of the total analysis using manual techniques and com-
puterized methods and although they considered that
all techniques are similar in terms of accuracy, the use of
computerized methods could be more efficient in terms
of the time used for measurements [14]. Other authors
reached the same results [7, 28]. The comparative results
improved in terms of reliability, validity, and time in the
models analyzed digitally and obtained directly in the
mouth by scanning instead of on the conventional plas-
ter model [29, 38]. In the study carried out by Okamoto
et al. [39], it was observed that the measurements made
digitally by different operators were more consistent and
reproducible than those made on a manual model.

No studies with similar objectives using artificial intel-
ligence have been found in the literature. We consider
that this aspect may be interesting for future studies.

One of the limitations when conducting our study was
the difficulty in obtaining a larger homogeneous sample
size in the study sample. Although the size used is similar
to that of other studies analyzed [4, 7, 17, 28], we con-
sider that an increase in the number of participants could
help us improve our results. In the literature, we find that
different authors analyze in their studies only one or two
types of software in comparison with manual measure-
ments, so we consider that, apart from increasing the
sample size, adding more types of measurement software
to the analysis would give us a more global view on the
subject. Likewise, most of these studies, like ours, ana-
lyze permanent teeth and patients without growth, not
finding any study that analyzes whether these results are
comparable to those we would obtain if we studied decid-
uous dentition. We believe this could be a good future
line of research.

Conclusions

1. After the analysis carried out, it can be stated that
the three methods used (manual method, Nemocast
software and “Ruler” mobile application) obtained
similar results with respect to the measurements
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made. However, only the Nemocast software
presented consistency in the measurements in both.
temporal moments analyzed, being able to conclude
that this measurement method would be the one
with the greatest reproducibility and temporal
reliability.

2. Although no significant differences were found
both at the dental level and by quadrants, the
digital method, specifically the Nemocast software,
obtained greater validity and precision in the
measurements of both arches with respect to the
conventional method.

3. The use of new technologies for measuring models,
especially the Nemocast 3D software, can facilitate
our diagnostic work as well as its reproducibility and
communication between professionals.
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