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Figure 3. Using the TellaMark device to draw the desired resection line on artificial bones. 

Two orthopaedic surgery residents (4th and 5th year) performed resections using three 
techniques: (1) using the conventional technique with a standard surgical saw guide (Zimmer; 
Warsaw, IN, USA); (2) TellaMark with the saw guide; and (3) TellaMark using a freehand technique, 
in each case with a surgical oscillating saw (Figure 4). 

 

Figure 4. (a) Applying the saw guide to the patella and (b) securing the patella with towel clips for 
freehand resection. It worked best to mark the line slightly posterior to the desired thickness so that 
the line remained on the patellar bone remnant after resection to confirm the final cut, taking this into 
consideration in the thickness setting. 

For the TellaMark resections, the initial resection was left as it was, whereas for the 
conventional resections, the experimenter measured the thickness and symmetry with calipers and 
had the option of revising the cut until satisfied. After initial practice with the instruments and 
experimental setup, each experimenter performed three repetitions of each of the three techniques 
on the two different geometries, for a total of 18 tests each. Tests were performed in a randomized 
order. The procedure time was recorded, including a breakdown of the steps. 

The TellaMark procedure began by locating the center of the patella; this was done by feeling 
the height and width with the fingers, and marking the resulting central point with a marker pen or 
cautery tool (in the future, a dedicated device can be developed). The desired remaining thickness, 
determined from the patellar thickness minus the prosthesis height, was set on the depth gauge of 
the device and the device applied to the center of the patella with the arrow pointing superiorly. The 
line was then drawn with the cautery tool more than 180° around the patella, allowing both the ML 

Figure 3. Using the TellaMark device to draw the desired resection line on artificial bones.

Two orthopaedic surgery residents (4th and 5th year) performed resections using three techniques:
(1) using the conventional technique with a standard surgical saw guide (Zimmer; Warsaw, IN, USA);
(2) TellaMark with the saw guide; and (3) TellaMark using a freehand technique, in each case with
a surgical oscillating saw (Figure 4).
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Figure 4. (a) Applying the saw guide to the patella and (b) securing the patella with towel clips for
freehand resection. It worked best to mark the line slightly posterior to the desired thickness so that
the line remained on the patellar bone remnant after resection to confirm the final cut, taking this into
consideration in the thickness setting.

For the TellaMark resections, the initial resection was left as it was, whereas for the conventional
resections, the experimenter measured the thickness and symmetry with calipers and had the option
of revising the cut until satisfied. After initial practice with the instruments and experimental setup,
each experimenter performed three repetitions of each of the three techniques on the two different
geometries, for a total of 18 tests each. Tests were performed in a randomized order. The procedure
time was recorded, including a breakdown of the steps.

The TellaMark procedure began by locating the center of the patella; this was done by feeling
the height and width with the fingers, and marking the resulting central point with a marker pen or
cautery tool (in the future, a dedicated device can be developed). The desired remaining thickness,
determined from the patellar thickness minus the prosthesis height, was set on the depth gauge of the
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device and the device applied to the center of the patella with the arrow pointing superiorly. The line
was then drawn with the cautery tool more than 180◦ around the patella, allowing both the ML and
SI planes to be guided. The device was removed and the experimenter either aligned the saw or saw
guide with the line to complete the cut.

The patellae were CT scanned before and after resection (0.6 mm slice thickness), followed
by segmentation of the patellar bone (Amira Version 5.3.1; Visage Imaging, Andover, MA, USA).
The resected patellae were aligned to the original surface models using the AlignSurface function in
Amira, plus manual fine tuning, and then brought into AutoCAD (Version 2010, AutoDesk, San Rafael,
CA, USA). In AutoCAD, an average plane was fitted visually to the resected surface of the patellar
model, and then the average resection plane, determined previously from the four surgeons’ input on
pseudo X-rays, was applied to the model. This was the particular advantage of making custom molds
of the previously-analyzed patellae. The ML and SI angles were measured between the resultant plane
and the average surgeon-identified resection plane. The center of the patella was determined from the
medial, lateral, superior, and inferior extents of the model, i.e., by drawing a box around the patella.
The thickness from the anterior surface to the resected surface was measured at this central point and
then compared to the intended remaining thickness specified in the testing process (13 mm for the left,
12 mm for the right).

The angle, thickness and time data were analyzed using ANOVA, followed by Student’s t-tests
when significant, using PASW Statistics 17.0 analysis software (Statistical Package for Social Sciences
(SPSS) Inc., Chicago, IL, USA). Shapiro-Wilk tests confirmed the normality of the data. Angles within
±7◦ were considered symmetric based on previous studies that showed greater anterior knee pain
beyond this limit and represented a normal range of results [8,10].

2.3. Cadaveric Testing

Eight pairs of fresh-frozen cadaveric knee specimens (six female, two male; mean age 82, range 67
to 90 years) were used for testing, following ethics approval. They were CT scanned prior to testing
and then prepared with a midline incision followed by a standard parapatellar capsulotomy: medial
in 14 cases, lateral in two, providing the opportunity to test both approaches. The soft tissues were
released to allow for eversion of the patella, and cleared around the circumference to allow for the
application of the saw guide, as done clinically. The specimens varied from no arthritis to severe
arthritis, with the majority having moderate arthritis (grades 2–3). The arthritic state did not affect the
experiment since the device relies only on the anterior surface, not the articulating surface, one of the
advantages of the device.

For each specimen pair, a TellaMark with saw-guide resection was performed on one side (Figure 5)
and a conventional saw-guide resection was performed on the other (Figure 6), in a randomized order.
The same two senior residents who performed the artificial bone testing performed the cadaveric
testing. The cautery tool produced a clear, precise line, about 1 mm in thickness. As with the artificial
bones, in the TellaMark case, the first cut was taken as the final cut; small corrections to the resection
were allowed, such as removing a ridge, but the resection plane itself was not allowed to be recut or
otherwise modified. In the conventional case, the experimenter could correct the cut until satisfied;
cuts after the initial saw-guide cut were usually done freehand, with the patella being secured with
towel clips (Figure 4). Experimenter 1 set the TellaMark device in such a way that the line would
be cut off with the saw; Experimenter 2 set it in such a way that the saw cut just above the line,
leaving the line visible afterward. This latter technique had the advantage of confirming that the cut
made corresponded to the cut recommended by the device, and is now the recommended technique.
The desired thickness was determined from caliper measurements, with the prosthesis thickness being
subtracted from the total thickness.
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Once the resections were complete, CT images were acquired and used to calculate the desired 
resection plane as well as the achieved resection plane for each patella, by importing the segmented 
surfaces into AutoCAD. From this the ML and SI angles as well as the remaining bone thickness 
were measured, using the same method as for the artificial bone models. The three-peg model of the 
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angles were within the symmetry thresholds (Figure 7, red dashed lines). On average, the ML angles 

Figure 5. (a) Applying TellaMark to a cadaveric specimen; and (b) making a cautery line around the
patellar circumference. Use of the thumb and forefingers provides haptic feedback on the contact of
the device, leading to quick installation and removal. A single-pointed clamp (so as to keep the peg
contacts on the surface) similar to towel-clamps could also be used to make the process hands-free.
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Figure 6. Using the conventional saw guide on a cadaveric specimen. Saw-guide use depends highly
on the experience of the surgeon and the shape of the patella.

Once the resections were complete, CT images were acquired and used to calculate the desired
resection plane as well as the achieved resection plane for each patella, by importing the segmented
surfaces into AutoCAD. From this the ML and SI angles as well as the remaining bone thickness were
measured, using the same method as for the artificial bone models. The three-peg model of the device
was applied to the surface to determine the expected TellaMark resection angle. ANOVA tests of the
ML angle, SI angle, bone remnant thickness, and time results were performed with p < 0.05 being
considered significant. Normality was confirmed.

3. Results

The TellaMark device produced comparable or better results on average when compared to the
conventional saw-guide technique, with an average reduction in time. In most cases, the results were
not statistically different. Almost all of the ML angles were within the symmetry limit, i.e., acceptable.
The cadaveric SI angles were mostly outside the symmetry limit for the conventional technique.
Individual results are discussed below.
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3.1. ML Resection Angle

There were no significant differences in ML resection accuracy between techniques in either the
artificial or cadaveric testing (Figure 7). All but two of the conventional and one of the TellaMark
angles were within the symmetry thresholds (Figure 7, red dashed lines). On average, the ML angles
when using TellaMark were slightly closer to the desired angle than with the conventional technique.
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Figure 7. Mediolateral (ML) angle difference from the desired plane, showing the median, minimum
and maximum, for the artificial bone models and cadaveric specimens, using the conventional saw
guide (red markers), TellaMark + saw guide and TellaMark + freehand (blue markers). The dashed
red lines indicate the symmetry goal (±7◦). The one TellaMark outlier had a lateral approach and
capsulotomy, which the experimenter found confusing because of the truncated specimen.

3.2. SI Resection Angle

For the artificial results, all but one conventional resection and all of the TellaMark results were
within the symmetry limit (Figure 8, red dashed lines). By contrast, for the cadaveric results, all but
two of the conventional results were outside of the symmetry limit.

There were no significant differences in SI resection accuracy between techniques in either the
artificial or cadaveric testing (Figure 8). On average, the SI angles when using TellaMark were
closer to the desired angle than with the conventional technique. The TellaMark results differed by
experimenter: Experimenter 1, who cut off the guide line during the resection, had similar SI accuracy
to the conventional technique (median, 9.2◦ in each case); Experimenter 2, who retained the guide
line during the resection, had dramatically better results with TellaMark (median 0.9◦ with TellaMark
compared to 10◦ for the conventional technique; p = 0.02).
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Figure 8. Superoinferior (SI) angle difference from the desired plane, showing the median, minimum
and maximum, for the artificial bone models and cadaveric specimens, using the conventional saw
guide (red markers), TellaMark + saw guide and TellaMark + freehand (blue markers). The dashed red
lines indicate the symmetry goal (±7◦). The substantially more accurate TellaMark vs. conventional
results for Experimenter 2 vs. Experimenter 1 may be due to leaving the guideline visible (which is
now recommended) and carefully centering the device on the patellar surface (a centering device will
be added in the future).

3.3. Bone Remnant Thickness

In the artificial bone testing, there were no significant differences in thickness between the three
techniques (averaging 0.6 mm, 0.5 mm, and 0.7 mm thinner than intended, for the conventional
technique, TellaMark + saw guide and TellaMark + freehand, respectively, with standard deviations of
0.6 mm, 1.0 mm, and 1.0 mm, respectively). In the cadaveric testing, the bone remnant tended to be
thinner than intended with the conventional technique (−0.9 ± 0.5 mm) and thicker than intended
with the TellaMark + saw guide (1.0 ± 1.0 mm), resulting in a significant difference between the two
techniques (p < 0.001), although both averaged close to the intended thickness.

3.4. Procedure Time

In the artificial bone testing, there were no significant differences in time between techniques
(3.8 ± 1.1 min for TellaMark + saw guide, 3.6 ± 0.7 min for TellaMark + freehand, 4.0 ± 0.7 min for
the conventional technique), however the time breakdowns did differ, with more time required to
perform recuts with the conventional saw guide whereas TellaMark required more initial time leading
up to the resection. The main time consumption in both cases related to securing the patella with the
saw guide or towel clips, and performing the cut. The time taken was significantly different between
experimenters (p = 0.002), whereby Experimenter 2 took 50 s longer on average to complete a resection.

In the cadaveric testing, resection time was significantly shorter with TellaMark than the
conventional technique (4.8 ± 1.8 min for TellaMark vs. 7.2 ± 1.2 min for the conventional technique;
p = 0.03). As with the artificial bone testing, the TellaMark device took more time initially whereas the
conventional device took more time later.
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4. Discussion

In this study, a novel device for patellar resection was tested on artificial bone models and
cadaveric specimens, demonstrating symmetries that were equivalent or better on average than the
conventional technique in a similar amount of time, with a substantial improvement in SI symmetry
(0.9◦ for TellaMark vs. 10◦ for the conventional technique) for the experimenter who retained the
TellaMark guide line, even with multiple cuts permitted for the conventional technique, in contrast to
the single cut permitted with TellaMark. Further improvements in the TellaMark design, based on
this testing, together with more experience using the device, should lead to additional increases in
accuracy and reductions in time.

Because of the advantages of keeping the guideline visible, we now recommend setting the depth
greater by 1 mm, or building this into the device. The outlier ML cadaveric resection was likely caused
by the lateral approach, which the experimenters said threw them off (the truncated knee specimen
can easily be turned one way or the other, so the directions were less intuitive) as well as the hard,
sclerotic bone, which the saw had trouble getting through.

For the SI resections, Experimenter 1 appears to have mounted the device higher than the patellar
center (based on later analysis of the CT scans), which caused the device to have an angle relative to
the anterior surface. In the future, we recommend incorporating a viewing hole that can be placed over
the central mark to ensure that the desired centering is achieved, as well as possibly adding a device or
procedure to aid with the centering. Experimenter 2 took on average 30 s longer than Experimenter 1
to ensure that the device was centred. A simple mechanical device could achieve this centering quickly
and without subjectivity. The apparent value for SI symmetry is important since a previous study
showed that SI symmetry was even more strongly correlated to anterior knee pain (p = 0.001) than ML
symmetry (p = 0.02) [4].

Regarding thickness, TellaMark can be used to resect at the final depth directly, or can be used
first with a conservative thickness to guide the angle, followed by a final cut after checking the
thickness. This could be particularly valuable if the patella is not everted. If there is a consistent bias,
e.g., to a thicker patellar as in this study, this can be incorporated into the design and instructions of
the device.

A related device that uses the same three-peg contact on the anterior surface, designed to verify
the patellar cut after it is made, demonstrated good accuracy [12], suggesting that deviations in this
study related mainly to the execution of the cut and that the estimation of the anterior surface is robust.

The main limitation of this study was the small number of experimenters and specimens, reflecting
the availability of specimens and the time required to perform the testing. Also, while the artificial
bone testing provided useful feedback on the design and use of the device as well as practice for
the experimenters, it did not fully mimic the cadaveric testing. A larger cadaveric study should be
conducted once the design is updated based on the results of this testing; nonetheless, the present
study was able to reveal the fundamental similarities and differences between the TellaMark and
conventional results. One other consideration is that conventional techniques are relatively successful
in a lab setting (i.e., within the symmetry limit), despite wide ranges clinically, making it difficult to
show a clear advantage of a new device, especially given the multiple cuts allowed for the conventional
technique but not for the new device. After further testing to ensure the best usability and accuracy of
TellaMark, our goal is to implement the device clinically, allowing expert surgeons to compare their
intended resection with the proposed resection and then examine the final resection result to determine
which would have been the better choice.

For clinical use, there should be fewer parts, which can be addressed through higher-volume
manufacturing methods, and the plastic bearing should be replaced by metal for ease of sterilization.
While the thumb and forefingers provide a good way of holding the device on the patella, it is also
possible to hold it in this position mechanically: a pointed connection or small contact point similar to
a towel clip can help hold it in place to release the fingers for applying the cautery mark; a clamp with
a large contact area should be avoided as this tends to tilt the contact points off the anterior surface or
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tilt the patella [8]. To our knowledge, the concept of marking bone to indicate the desired resection
plane has not been used previously and could benefit other joints as well.

The experimenters considered the device a useful learning tool to create better resections,
especially for less experienced surgeons. They appreciated the guidance that it provided, so that
they did not need to struggle to decide where to put the saw guide. They also appreciated the fact that
the resident or surgeon could confirm that they are satisfied with the line before proceeding with the
cut. The expert surgeons we interviewed like that it provides guidance without constraining them to
a particular resection line, and allows them to continue using the freehand or saw guide technique that
they are already familiar with.

5. Conclusions

With minor design and use changes to address the current outliers, TellaMark offers the potential
to substantially improve patellar resection thickness and symmetry, particularly given the substantially
better SI results for Experimenter 2 compared to the conventional technique. It also offers the
opportunity to improve training and confidence. On the basis of previous studies, better patellar
resection accuracy will translate to reduced pain and increased function after knee replacement surgery,
leading to more satisfied patients.
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Table 7. Statistics synthesis for explanatory variables and their interactions. R2 values are cumulated.
p-values < 0.0001 = significant; ns = not significant.

Model: W (%) Model: ∆T (◦C)

Size
R2 0.72
F 274.83

Pr > F ns <0.0001

Biochars
R2 0.77
F 18.85

Pr > F ns <0.0001

Mass (g)
R2 0.61 0.85
F 259.86 13.95

Pr > F <0.0001 0.0000

RH (%)
R2 0.68 0.48
F 85.11 136.22

Pr > F <0.0001 <0.0001

Size × Biochars ns ns

Size × Mass (g)
R2 0.87
F 17.76

Pr > F ns <0.0001

Size × RH (%)
R2 0.88 0.80
F 3.19 9.63

Pr > F 0.0160 <0.0001

Biochars × Mass (g)
R2 0.73
F 14.26

Pr > F <0.0001 ns

Biochars × RH (%)
R2 0.84
F 3.67

Pr > F ns <0.0001

Mass (g) × RH (%)
R2 0.47 0.89
F 11.13 2.89

Pr > F <0.0001 0.0250

Size × Biochars × Mass (g)
R2 0.77 0.88
F 9.74 3.31

Pr > F <0.0001 0.0220

Size × Biochars × RH (%) ns ns

Size × Mass (g) × RH (%) ns ns

Biochars × Mass (g) × RH (%)
R2 0.81
F 3.37

Pr > F 0.0000 ns

Size × Biochars × Mass (g) × RH (%)
R2 0.87
F 4.12

Pr > F <0.0001 ns

The previous conclusions drawn from the means are statistically supported by the pairwise
multiple comparisons. Significant information arising from Table 7 was summarized. All the
combinations between the levels of the four factors and their interactions were associated to letters
after applying the Tukey’s test. This section focuses on the interpretation of all pairwise differences
between means. Two level combinations sharing the same letter translate into not being significantly
different. Two combinations with no letter in common translate into being significantly different.
Attention is paid to factors and interactions that are the most significant according to the models.
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The following two factors and three interactions were identified: Mass, RH, Size × RH, Mass × RH,
and Size × Biochars × Mass.

As a reminder, the variable “Mass” is characterized by two values: 0.1 and 1 g. Figure 6 shows
two distinct groups (A and B) for both W and T. Although the difference between the water sorption
averages is evident (1.9%), this analysis of variance shows a significant difference for T, despite relatively
similar average values (2.55 ◦C and 2.90 ◦C). Concerning the explanatory variable RH, the four pairs
of categories are found to be different. The two RH pairs 84.3 × 75.3 and 90.2 × 75.3 do not show any
significant differences, while the means between 84.2 and 90.2 are significantly different (3.1 and 3.9%).
Except for 75.2%, all the other air relative humidity conditions show significant differences with regard to
the observed adsorption values. The highest and the lowest values are 3.87 and 0.84% for RH values of 84.4
and 22.6, respectively. The maximum temperature is obtained with the highest relative humidity (3.95 ◦C)
and the minimum temperature with the lowest RH (0.84 ◦C), as corroborated by the literature [14]. We can
conclude that these two factors (Mass and RH) played a significant role in both the two models.Bioengineering 2018, 5, x FOR PEER REVIEW  12 of 14 
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Figure 6. Mass and Relative humidity multiple comparisons according to the Tukey test. The means
with the same letter were not significantly different at 5% (α = 0.05).

Figure 7 shows the pairwise multiple comparisons for the second order interactions Size × RH
and Mass × RH. For each interaction, all the combinations of levels between the two factors are
compared to one another. The number of combinations possible between interactions and variables is
10. The variable Size is characterized by grinded biochar (powder) or biochar piece. The interaction
Size × RH shows five and seven groups for water adsorption and temperature, respectively. Water
sorption shows five combinations with means that are not significantly different. It concerns mainly
high relative humidity values regardless of the sample size. Indeed, the difference appears mainly with
the lowest humidity values (22 and 43%). The temperature shows two combinations (Piece × 90.2 and
powder × 22.6) with no letter in common. Biochar pieces are more sensitive to relative humidity than
powdered biochar, showing a higher average temperature (4.8 ◦C). This can mainly be attributed to the
difference in the mass transfer rates and heat generation related to the sample size [2]. Indeed, it has
been demonstrated that the effect of both the temperature overshoot and the pressure is dependent on
sample thickness [19].

The combinations associated with the interaction Mass × RH show five and four groups for W and
T. The variable T shows lesser variability compared to the Size × RH interaction. Five combinations
concerning mainly high relative humidities have the same letter (B). Water sorption is mostly influenced
by small mass combined with RH, except when RH is equal to 22.6%. When combined with humidity,
the explanatory variable Size mostly influences the temperature, while the variable M mostly influences
the adsorption of water.
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Figure 7. Second order interactions multiple comparisons according to the Tukey test. The means with
the same letter were not significantly different at 5% (α = 0.05). Lump = piece.

The last common parameter to W and T models is the third order interaction Size × Biochars
× Mass. Table 8 gives the average value classified by the Tukey test. The variable T presents seven
groups and W only four groups. The temperature variable is more sensible to this interaction than
the water adsorption variable and can be explained by the factors “biochars” and “Size” only present
in the T model (Table 7). The overall results confirm that water adsorption is not correlated to the
increase in temperature. Therefore, others elements, not yet identified, are likely involved in the
increase in temperature.

Table 8. Classification by Tukey’s test in decreasing order for T. For each group, the means with the
same letter were not significantly different at 5% (α = 0.05).

Parameters Mass Water Sorbed (%) ∆ T (◦C)

Piece × Cg × 0.1 4.10 ab 4.07 a

Piece × QP × 0.1 2.86 c 3.93 a

Piece × Cg × 1 1.86 d 3.89 a

Piece × QP × 1 1.86 d 3.66 ab

Piece × Th × 0.1 3.00 c 3.45 abc

Piece × B × 1 1.86 d 3.20 bcd

Piece × Th × 1 1.86 d 3.16 bcd

Powder × Cg × 1 1.60 d 2.73 cd

Piece × B × 0.1 3.10 bc 2.66 cde

Powder × QP × 1 1.60 d 2.50 de

Powder × B × 1 1.60 d 2.04 ef

Powder × Th × 1 1.60 d 2.00 ef

Powder × Cg × 0.1 4.75 a 1.98 ef

Powder × QP × 0.1 4.31 a 1.75 fg

Powder × B × 0.1 4.37 a 1.29 g

Powder × Th × 0.1 2.74 c 1.25 g

4. Conclusions

It is well known that the adsorption of water vapour from ambient atmosphere plays a crucial role
in raising the temperature of a biochar sample over the critical self-ignition temperature. This study
was carried out on the wood of Quercus pubescens, Cyclobalanopsis glauca, Trigonostemon huangmosun, and
Bambusa vulgaris, and involved five air relative humidity conditions (22, 43, 75, 84, and 90%), two mass
samples (0.1 and 1.0 g), and two particle sizes (powder and piece). All experimental results showed
a significant increase in temperature with the relative humidity. The highest and fastest increases in
temperatures were observed for biochar pieces coupled to the lowest weight (0.1 g). Biochar pieces
needed around 2 min to reach the temperature peak; powdered samples needed 5 to 8 min. The global
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trend showed that a larger mass of water vapor was adsorbed when exposed to a higher relative
humidity. All samples with a mass of 1.0 g showed a lower water vapor adsorption compared to
samples at 0.1 g. A linear regression model based on the temperature and the water adsorption (W)
showed a high dispersion of the results corroborated by a low R2 value (0.13). Two models were
elaborated for each dependent variable (W and T) to simulate water adsorption and temperature. Eight
and nine qualitative variables and their interactions were selected for W and T, respectively. Sample
mass and relative humidity influenced both W and T, while particle size and type of biochar mainly
influenced the temperature. Thus, these findings are very important not only for all scientific aspects,
but also in practical applications. They will allow the creation of tabulations giving recommendations
for charcoal cooling and storage considering the season (RH) and the critical size of the samples, and
consequently to anticipate cool flame phenomena.
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is on populations disadvantaged and socially marginalized; treatment of the conditions is extremely
expensive and is not feasible in most low and middle income countries. This characteristic represents
an important problem, since, according to the World Health Organization (WHO), oral diseases are the
fourth most expensive cause to treat in the most industrialized countries [1].

Oral health is an essential component for quality of life of people due to its influence as a determinant
factor in general health of individuals and communities becoming a relevant point in health care.
Therefore, the serious repercussions in terms of pain and suffering, impairment of function and effect
on quality of life should also be considered. An important aspect to consider is that oral diseases
increase the risk of chronic diseases, such as: cardiovascular and cerebrovascular, diabetes mellitus and
respiratory. On the other hand, epidemiological surveillance of oral diseases becomes important insofar
as it provides useful elements for the planning, programming, organization, integration, control and
direction of the oral health program, at the same time that it guides the attention to the population [2].

Caries is the most frequent condition and according to the WHO; it affects between 60% and 90% of
children of school age between 5 to 17 years old. The determinants and conditions of oral health status
are multicausal, multisectoral and interdisciplinary categories that encompass a series of situations
related to the historical and political process that each country experiences. In addition, the report of
the Organización Panamericana de la Salud (OPS) describes how the development of this condition
depends on the frequency of carbohydrate consumption, the characteristics of the food, the time
exposure, plaque removal and susceptibility of the guest, adding the few preventive measures in oral
health and the difficulty of making use of specialized dental medical services. These factors interact
simultaneously, and their variables correspond to different orders from biological processes, to complex
historical-cultural structures and social relationships, socioeconomic level, educational level, among
others, making health phenomena complex [3,4].

There are too many risk factors and important determinants related to the presence of caries,
and it is clear that the greater the degree of risk exposure, the greater the probability of contracting or
developing it. Due to the difficulty of representing the control of the incidence of caries due to its high
prevalence and the large number of factors that can influence this state, at present, some studies have
implemented algorithms and performed analyses based on computer-aided diagnosis (CAD) where
prediction models are used when it is necessary to know in the future the behavior of highly related
complex data; these have utilities in clinical and research dentistry [5].

An example of these algorithms are the artificial neural networks (ANNs), a method used for
the prediction of diseases, such is the case of oral diseases, as well as being mathematic models based
on a principle of learning that is based on the concepts of artificial intelligence and the biological
response of the human brain. Likewise, they are involved in systems’ construction processes that
allow classifying, modeling and predicting information. ANNs are semiparametric nonlinear models,
which allow the integration of variables and easily handle large amounts of data compared to linear
analyses. They have processing elements or neurons, which are the units of the system that can be
adjusted or trained through a process of learning and generalization. The information of each of these
neurons is grouped and processed [6].

According to the literature, dental caries incidence has been a problem that has been studied by
a series of researchers, trying to identify caries risk determinants. Lam et al. [7] found that dental
visits, brushing frequency, lower parental perceived importance of baby teeth, and weaning onto
solids are determinants associated with plaque accumulation, validating these results specifically in
children. In the work of Fernandes et al. [8], a cross-sectional study of 274 children and their mothers
based on demographic/socio-economic status is presented; through a Poisson regression approach, an
analysis was performed, obtaining that dental caries can be mainly found in mothers of children aged
1, demonstrating the relationship between demographic/socio-economic status and caries.

As mentioned in the text, there are different types of risk factors that are associated with
genetic and nutritional data. Lips et al. [9] presented a work where the association between
genetic polymorphisms and risk of dental caries is demonstrated for most of the salivary proteins.
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This work is organized as follows: Section 2 briefly describes the materials and methods used
for the development of the data analysis, including data preprocessing, data classification and data
evaluation. Section 3 exposes the results obtained. Finally, results are discussed in Section 4 and
concluded in Section 5.

2. Materials and Methods

In this section, the process that was carried on for the classification between subjects with presence
of caries and subjects with absence was presented, based on the information obtained from a series
of socioeconomic and nutritional features. The databases that were used in this work were obtained
from the National Health and Nutrition Examination Survey (NHANES, 2013–2014). In addition,
the description of the subjects and the methods used for their classification are presented.

In Figure 1, the flowchart of the steps followed for the experimentation of this work is presented.
Section (A) presents the data acquisition of the public databases “Demographic” and “Dietary” from
NHANES 2013–2014. Section (B) represents the data preprocessing, where a feature reduction is
performed due to the high amount of missing data and singular values that are presented, in addition
to separating the data in two sets, one for training and one for testing. Section (C) refers to the data
classification of subjects according to their oral health status. Finally, in section (D), the evaluation
of the ANN performance is presented, in order to know the accuracy with which the model classifies
the subjects.

Figure 1. Flowchart of the methodology followed.

2.1. Features Description

NHANES is a program of studies designed to evaluate the health and nutritional status of children
and adults in United States, and it was founded by Centers of Disease Control and Prevention (CDC)
and National Center for Health Statistics (NCHS). The surveys conducted by this program are unique,
since it combines interviews and physical exams [20].

NHANES collects information from different types of data, and, in turn, this information is
included in six main contexts; demographic, dietetic, examination, laboratory, questionnaire and
limited access. These contexts are contained by the information described as follows:

• Demographic: it provides individual, family and household level information in different
topics (income of households and families, size of households and families, pregnancy status,
among others).

• Dietetic: it provides detailed information on dietary intake, in order to estimate the types and
amount of food and beverages consumed, in addition to estimating the intake of energy, nutrients,
and other food components.

• Examination: it provides information of the health status, indicators of disease risk, and access to
preventive and treatment services, from different aspects, including oral health.

• Laboratory: it provides information of the results obtained from laboratory analysis of different
components (components of urine, proteins, triglycerides, plasma, among others).

• Questionnaire: it provides information of the data obtained from the interviews conducted
through a system of computer-aided personal interview, of different topics (alcohol use,
cardiovascular health, dermatology, among others).
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This random selection of subjects avoid presenting any bias problem, favoring the important
variety of demography characteristics of the subjects reducing the probability that the methodology
followed could be influenced by the data used.

Figure 3 presents the total of subjects contained in the database used. From 9812 subjects, 3690
were control subjects and 6122 were case subjects. The subjects were in an age range of 0 to 80 years
old; 4830 belonged to the masculine gender and 4982 to the feminine gender.

Figure 3. Graph of the total number of subjects used, classified according to their oral health status.
The subjects contained in the bar with ’0’ presented absence of caries, while the subjects contained in
the bar with ’1’ presented presence/restoration of caries.

It is important to mention that this specific database was chosen in order to show the consistency
of the data and the results obtained in the relationship to its background work. In this work [21] three
different models obtained through a fast backward selection (FBS) of features are presented, each model
corresponding to a different age group, then a posterior evaluation using a net reclassification
improvement (NRI) technique is performed, besides the AUC parameter, obtaining a maximum
true positive-true negative rate of 0.787. On the other hand, this work [22] presents a multivariate
model obtained through a FBS method based on the p-value, in order to classify between three different
classes, ”caries”, ”restorations” and ”control”; this model was evaluated using a statistical analysis,
obtaining a maximum AUC value of 0.664. Finally, this work [23] presents a univariate analysis using
a linear regression approach in order to classify between subjects with the presence of caries and with
absence; then, from the most significant univariate models, a multivariate model contained by three
features was developed, which obtained an AUC value of 0.572.

2.3. Data Analysis

The data analysis of this work was performed through a multivariate approach, subjecting the
demographic and dietary features to a deep ANN for the classification of subjects according to their
health and then a statistical validation was carried out in order to evaluate the results obtained from
the ANN developed for these specific data.

2.3.1. Data Preprocessing

The data preprocessing consisted initially in the manual elimination of the features that presented
a high percentage of missing values (>30%), represented as “Not a Number” (NaN). Then, of the
remaining features, those that presented a low percentage of missing data (≤30%) were imputed with
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Figure 4. Diagram of the ANN designed.

The output layer used the Normalized Exponential function as an activation function, also known
as ”Softmax”, which represents a general form of the logistic function and it is used to compress a
vector of arbitrary values into a vector of real values in a range of [0, 1]. This function is shown in
Equation (2), where σ(z) represents the K-dimensional vector, z, of binary values [27]:

σ(z)j =
ezj

∑K
k=1 ezk

, j = 1, ..., K. (2)

Finally, the dropout hidden layers were included in order to avoid overfitting problems,
as mentioned before, and its performance is based on assigning the value of 0 to a percentage of the data
and thus they are not taken into account for the classification of subjects in that layer. The data subset
selected by these layers is changing with each iteration, causing that in each epoch the classification
will be done omitting a different percentage of data. On the other hand, due to the recurrence of the
ANN, it was possible to optimize its performance. The optimization algorithm, “Adam”, was selected,
which bases its operation on stochastic gradient descent algorithms, making use of the average of the
first and second moments of the gradients to adapt the rate of the learning parameter. Specifically,
“Adam” calculates the exponential moving average of the gradient and the square gradient, and
controls the decay rates of that moving average [28]. Some of the benefits that present “Adam” are
that it is a method that is straightforward to implement, is computationally efficient, has little memory
requirements, is invariant to diagonal rescaling of the gradients, and one of the most important points
is that is suitable for problems that are large in terms of data or features. In addition, the parameters
have intuitive interpretations and typically require little tuning [28].

It is important to mention that the number of iterations or epochs that the ANN will have for the
optimization of its behavior, based on the recurrence, is also configurable and will depend on the type
of data. To know what is the appropriate number of epochs, there are some parameters that allow
for evaluating the behavior through each iteration, such as the loss function and the accuracy [29].
The number of the epochs that were selected through a series of tests with different numbers were
100 epochs, since they demonstrated having the best performance in terms of the accuracy of the ANN.

Based on the above, “keras” has the advantage that it allows for designing the architecture of
the ANN according to the type of data, configuring the type of ANN, number of nodes, validation,
loss function, among others [30,31].

2.3.3. Evaluation

Finally, in order to validate the results of classification obtained by the ANN, three parameters
were evaluated; loss function, accuracy and ROC curve. The loss function and accuracy were calculated
on each epoch, allowing to know if the performance of the ANN was improving, while the ROC curve
was calculated based on the average of the general performance of the ANN.

ANNs are mostly trained using gradient methods through an iterative process of decreasing the
loss function. A loss is designed to have the main property that the lower its value, the better the model
that fits its data and, in addition, it will be differentiable, which will optimize the network directly,
giving information of the capacity of the system. Therefore, the loss function is based on the search
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On the other hand, the macro-average precision is a direct method; it takes the average of the
accuracy of the system in different sets. It is calculated with Equation (8), where A1 refers to the
average of the set one and A2 refers to the average of the set two [36,37]:

Micro-average =
A1 + A2

2
. (8)

The analysis of this work was performed in Python (version 3.6), using the packages, “Keras”
(version 2.1.5) [25], “Scipy” (version 1.0.0) [38], “Pandas” (version 0.22.0) [39] and “Sklearn” (version
0.19.1) [36].

3. Results

The two databases that were used in this work were contained by a total of 188 demographic and
dietary features, besides a feature being used that was contained by the oral health status as an output
feature for the classification of subjects.

After the data preprocessing, only 105 features were conserved, of which 25 belonged to
demographic features and 79 to dietary features, the remaining feature refers to the output feature.

Of the total set of 9812 subjects, 3690 belonged to controls and 6122 belonged to cases.
This dataset was divided into two subsets, one for training which was contained by 70% of the
data (2596 controls/4272 cases), and one for testing which was contained with the remaining 30% of
the data (1094 controls/1850 cases). These data are graphically shown in Figure 5.

Figure 5. Graph of the number of subjects that belongs to each dataset, training and testing. The content
in the bar with “0” presented a status of absence of caries, while the contest in the bar with “1” presented
a status of presence/restoration of caries.

The dataset that was designed for the training stage was evaluated at each of the 100 epochs
through the accuracy and loss function values. This number of epochs was selected through a
comparison between the values obtained using different number of epochs; Table 1 presents the values
obtained for ten different epochs.

On the other hand, in Table 2, a comparison of results using different number of layers and neurons
is shown. The number of epochs selected was 100, establishing this number according to the result
obtained from the previous table. It is possible to observe that the most statically significant values
of accuracy and loss function were obtained using an ANN designed with seven layers, four dense
layers and three dropout layers. The dense layers were contained by 104, 1000, 100 and two neurons,
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show an optimistic response if the data presents any bias. Therefore, there were also measured
the specificity and sensitivity parameters in order to ensure that the classification of subjects was
statistically significant.

The graph of the Figure 7 shows the ROC curves of the mean performance of the ANN, where the
pink line refers to the proportion of sensitivity and specificity for the class “0”, which are the subjects
that presented absence of caries, obtaining an AUC value of 0.69. The light blue line refers to the
proportion of sensitivity and specificity for the class “1”, which are the subjects that presented
presence/restoration of caries, obtaining an AUC value of 0.69. The dotted orange line refers to
the curve calculated with the micro-average of the proportion of sensitivity and specificity for the
classification of subjects, obtaining an AUC value of 0.75; the dotted dark blue line refers to the curve
calculated with the macro-average, obtaining an AUC value of 0.69.

Figure 7. Graph of the ROC curves generated based on the average performance of the ANN in the
classification of subjects.

4. Discussion

Of the two datasets that were obtained through the preprocessing step, it is possible to observe
that the set of cases contains more data than the set of controls as it is observed in Figure 5; this
was due to the fact that the cases included the subjects with presence of caries and with restorations.
Nevertheless, the number of subjects that were contained on each dataset was enough to train the
ANN, obtaining statistically significant results.

The data were separated in two sets based on an aleatory and balanced selection; one of the
sets was contained with 70% of the data and the other dataset was contained with 30%, as shown in
Figure 5. The dataset that was contained with the largest amount of data had the purpose of training
the ANN. The dense ANN was trained during 100 epochs and was optimized through the optimization
algorithm, “Adam”, which had the purpose of improving the performance of the ANN with feedback.

Finally, for the validation of the ANN modeling, the accuracy and the loss function in each of the
epochs with the dataset that was contained with the least amount of data were obtained. The loss
function was calculated using cross-entropy in order to know how the performance of the ANN was
modified. The validation was carried out in both datasets, training and testing, in order to ensure
that there was no adjustment in the classification of the subjects; that is, if the performance of these
parameters is similar for both datasets, it means that the ANN is classifying based on a generalized
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diet surveys, providing support to the dental specialists in the work of reducing the high incidence of
dental caries

Based on these discussions, it can be proposed as future work to add a stage in the methodology
that consists of a step for the feature selection using a genetic algorithm approach. This stage will help
to remove redundant information and correlated features, keeping only those features that provide the
most significant information for the classification of subjects, besides reducing the computational cost.
Additionally, for the validation of the feature selection, a forward selection and backward elimination
may be used in order to test the accuracy of the set of features obtained through the selection process,
ensuring the certainty of the model behavior.

5. Conclusions

According to the results obtained, it is possible to conclude that the amount of data that was
used to model the classification of the subjects was adequate for the preliminary generalized learning
of the ANN, basing this on the performance that the classification of cases had, being similar to the
classification of controls. This performance was observed in the accuracy and loss function graphs,
which allows for recognizing that the number of epochs that were assigned to the ANN was sufficient
to maintain stable performance of the parameters in both datasets.

The accuracy achieved with this modeling was around 0.70, a value that is statistically significant
since it implies that 70% of the time will be correctly classified to the subjects with presence or
absence/restoration of caries.

The loss function decreased by approximately 10% since the beginning of the training, showing
minor changes throughout the epochs, implying an approximation to the global minimum sought.

As a final evaluation, all the ROC curves obtained an AUC value statistically significant,
implying that, around 70% of the time, subjects were correctly classified, according to the true positives
and true negatives proportion, a value that corroborates the accuracy obtained. Nevertheless, a
methodology was proposed based in convolutional neural networks in order to identify features in a
spectral or spatial domain to obtain time-independent abstract features, looking for the improvement
in the modeling for the classification of subjects.

Based on this, it is possible to classify subjects with the absence of caries from subjects with
presence/restorations, through demographic and dietary data, with a statistically significant accuracy,
demonstrating that the socioeconomic and nutritional status are important determinants in the
development of caries.

Then, according to the results obtained, it was demonstrated that the demographic situation can
significantly affect the prevalence of dental caries. Based on this, the analysis of oral health data from
exclusively Mexican subjects is proposed, comparing those results with the ones obtained in this work,
with the purpose of proving how demography can influence the oral health status.

On the other hand, even though the results do not show an ideal behavior, they give preliminary
knowledge of the benefit that its implementation would have in a real environment, since the
requirements for its use are minimal, no in-depth knowledge of the techniques used is required,
results are presented quickly and the computational cost is very low, besides the accuracy obtained
being statistically significant. In addition, an important point to take into account is that the performed
experimental tests were based in a real production environment, since all the subjects that were part for
the development of this work were real control and cases, and the demographic and dietary databases
were obtained from real information.

The hardware tool that is required for the implementation of this work is a computer, while
the free software tool that is required is Python, which is a programming language that allows for
working quickly and integrating systems more effectively. As extra information, it is mentioned that
the computer that was used for the development of this work was a laptop Acer Aspire F5-573-70LX
15.6” (Acer America Corporation, 333 West San Carlos Street, Suite 1500, San Jose, CA 95110), Intel Core
i7-7500U 2.70 GHz (Plot 6, Bayan Lepas Technoplex Medan Bayan Lepas 11900 Bayan Lepas Penang,
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Table A1. Cont.

Feature Description

RIDAGEMN ge in months of the participant at the time of screening. Reported for persons aged 24 months
or younger at the time of exam.

RIDRETH3 Recode of reported race and Hispanic origin information, with Non-Hispanic Asian Category.
RIDEXMON Six month time period when the examination was performed.
RIDEXPRG Pregnancy status for females between 20 and 44 years of age at the time of MEC exam.
RIDAGEYR Age in years of the participant at the time of screening.
RIDRETH1 Recode of reported race and Hispanic origin information.
RIDEXAGM Age in months of the participant at the time of examination.
RIDSTATR Interview and examination status of the participant.
SDMVPSU Masked variance unit pseudo-PSU variable for variance estimation.
SDDSRVYR Data release cycle.
SDMVSTRA Masked variance unit pseudo-stratum variable for variance estimation.
WTLAF8YR Subsample 8-year fasting weight for participants aged 12 years and older who were examined

in the morning sessions in Los Angeles, CA, USA.
WTLAI8YR Full sample 8-year interview weight for participants in Los Angeles, CA, USA.
WTLAM8YR Full sample 8-year MEC exam weight for participants in Los Angeles, CA, USA.

Appendix B

Table A2. Description of dietary features.

Feature Description

WTDRD1 Dietary day one sample weight.
DBQ095Z Type of salt usually add to food at the table.
DR1TKCAL Energy (kcal).
DR1TSUGR Total sugars (g).
DR1TFIBE Dietary fiber (g).
DR1TSFAT Total saturated fatty acids (g).
DR1TMFAT Total monounsaturated fatty acids (g).
DR1TPFAT Total polyunsaturated fatty acids (g).
DR1TLYCO Lycopene (µg).
DR1TFA Folic acid (µg).
DR1TB12A Added vitamin B12 (µg).
DR1_300 Was the amount of food that you ate yesterday much more than usual, usual, or much less than usual?
DR1_320Z Total plain water drank yesterday—including plain tap water, water from a drinking fountain, water from a

water cooler, bottled water, and spring water.
DR1_330Z Total tap water drank yesterday—including filtered tap water and water from a drinking fountain.
DR1BWATZ Total bottled water drank yesterday (g).
DR1DAY Intake day of the week.
DR1DBIH Number of days between intake day and the day of family questionnaire administered in the household.
DR1SKY What type of salt was it? (Was it ordinary or seasoned salt, lite salt, or a salt substitute?).
DR1STY Did SP add any salt to her/his food at the table yesterday?
DR1TACAR Alpha-carotene (µg).
DR1TBCAR Beta-carotene (µg).
DR1TCAFF Caffeine (mg).
DR1TCALC Calcium (mg).
DR1TCOPP Copper (mg).
DR1TCRYP Beta-cryptoxanthin (µg).
DR1TFDFE Folate as dietary folate equivalents (µg).
DR1TFF Food folate (µg).
DR1TFOLA Total folate (µg).
DR1TLZ Lutein + zeaxanthin (µg).
DR1TM161 MFA 16:1 (Hexadecenoic) (g).
DR1TM181 MFA 18:1 (Octadecenoic) (g).
DR1TM201 MFA 20:1 (Eicosenoic) (g).
DR1TM221 MFA 22:1 (Docosenoic) (g).
DR1TMAGN Magnesium (mg).
DR1TMOIS Moisture (g).
DR1TNIAC Niacin (mg).
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Table A3. Cont.

Feature Description

DRD370BQ Number of times tuna was eaten in the past 30 days.
DRD370C Bass eaten during the past 30 days.
DRD370CQ Number of times bass was eaten in the past 30 days.
DRD370D Catfish eaten during the past 30 days.
DRD370DQ Number of times catfish was eaten in the past 30 days.
DRD370E Cod eaten during the past 30 days.
DRD370EQ Number of times cod was eaten in the past 30 days.
DRD370F Flatfish eaten during the past 30 days.
DRD370FQ Number of times flatfish was eaten in the past 30 days.
DRD370G Haddock eaten during the past 30 days.
DRD370GQ Number of times haddock was eaten in the past 30 days.
DRD370H Mackerel eaten during the past 30 days.
DRD370HQ Number of times mackerel was eaten in the past 30 days.
DRD370I Perch eaten during the past 30 days.
DRD370IQ Number of times perch was eaten in the past 30 days.
DRD370J Pike eaten during the past 30 days.
DRD370JQ Number of times pike was eaten in the past 30 days.
DRD370K Pollock eaten during the past 30 days.
DRD370KQ Number of times pollock was eaten in the past 30 days.
DRD370TQ Number of times other type of fish was eaten in the past 30 days.
DRD370V Refused to give detailed information on fish eaten during the past 30 days.
DRQSDIET Are you currently on any kind of diet, either to lose weight or for some other health-related reason?
DRQSDT1 What kind of diet are you on? (Is it a weight loss or a low calorie diet: low fat or cholesterol diet;

low salt or sodium diet; sugar free or low sugar diet; low fiber diet; high fiber diet; diabetic diet;
or another type of diet?).

DRD370L Porgy eaten during the past 30 days.
DRD370LQ Number of times porgy was eaten in the past 30 days.
DRD370M Salmon eaten during the past 30 days.
DRD370MQ Number of times salmon was eaten in the past 30 days.
DRD370N Sardines eaten during the past 30 days.
DRD370NQ Number of times sardines were eaten in the past 30 days.
DRD370O Sea bass eaten during the past 30 days.
DRD370OQ Number of times sea bass was eaten in the past 30 days.
DRD370U Other unknown type eaten during the past 30 days.

Table A4. Description of dietary features.

Feature Description

WTDR2D Dietary two-day sample weight.
DR1DRSTZ Dietary recall status.
DR1TPROT Protein (g).
DR1TCARB Carbohydrate (g).
DR1TTFAT Total fat (g).
DR1TCHOL Cholesterol (mg).
DR1TFA Folic acid (µg).
DR1TCHL Total choline (mg).
DR1TIRON Iron (mg).
DBD100 Frequency with which ordinary salt is added to the food on the table.
DRQSPREP Frequency with which ordinary salt or seasoned salt is added in cooking or preparing foods in the household.
DR1TALCO Alcohol (g).
DR1TS080 SFA 8:0 (Octanoic) (g).
DR1TATOC Vitamin E as alpha-tocopherol (mg).
DR1TATOA Added alpha-tocopherol (Vitamin E) (mg).
DR1TVD Vitamin D (D2 + D3) (µg).
DR1TPHOS Phosphorus (mg).
DR1TS160 SFA 16:0 (Hexadecanoic) (g).
DRD370UQ Number of times other unknown type of fish was eaten in the past 30 days.
DRD370V Refused to give detailed information on fish eaten during past 30 days.
DRDINT Indicates whether the sample person has intake data for one or two days.
DRQSDIET Are you currently on any kind of diet, either to lose weight or for some other health-related reason?
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