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ABSTRACT This study investigates enamel growth of a modern-day human upper first incisor (5197)
possessing a talon cusp (accessory cusp). Growth rates collected from the accessory enamel are com-
pared to data collected from the primary cusp and cusps of a standard incisor sample from the same
population. Upper first incisors (n=12) and S197 were analysed using histological methods. Daily secre-
tion rates (DSRs) were calculated for inner, mid, and outer regions of cuspal and lateral sites. Additional
DSRs were calculated for equivalent regions of 5197’s accessory cusp. S197’s primary cusp DSRs were
significantly faster than the accessory cusp for all lateral regions, but significantly slower in the inner
and mid cuspal regions. 5197’s primary cusp DSRs were also significantly slower than the standard inci-
sor sample for all regions except the lateral cuspal. The DSRs of the standard sample were significantly
faster than those of S197’s accessory cusp for all lateral regions, but significantly slower in the inner cus-
pal region. This case study displays that human teeth possessing accessory cusps can present varying
DSRs to teeth lacking accessory enamel from the same population, and that accessory enamel growth

may not follow the same pattern of increasing DSRs along the length of enamel prisms.

The study of modern human enamel growth rates
via histological analysis is common within the
study of biological anthropology and bioarchaeolo-
gy, commonly focusing on the variation between
cusps of the same tooth (e.g. Mahoney, 2008), with-
in single populations (e.g. Schwartz et al., 2001),
and between populations (e.g. Smith et al., 2007;
Aris et al., 2020a, 2020b). A common trend between
these lines of research is the exclusive use of what
are deemed as dental samples containing no evi-
dence of pathology, stress markers, or growth of
accessory enamel (defined here as: growth of
enamel outside of the features typically used to
define and identify human tooth types). While past
research has touched on how some human enamel
growth features vary between individuals suffer-
ing from stress and those not suffering from stress
resulting in dental morphologies, these typically
concern the accuracy of making certain calcula-
tions relating to enamel growth (Lukacs & Guatelli
-Steinberg, 1994; Guatelli-Steinberg & Lukacs,
1999), and the development of non-accessory
enamel (defined here as: growth of the enamel fea-
tures which define how human tooth types are
identified and classified) in individuals presenting
evidence of stress on their dental morphology (e.g.
Fitzgerald & Saunders, 2005). Comparison of
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enamel growth rates collected from teeth present-
ing accessory enamel to those with no evidence of
stress markers or non-metric traits from the same
population, and comparison of accessory enamel
growth to the growth of non-accessory enamel
within the same tooth, have yet to be conducted.
This project aims to begin to address these issues
and widen our understanding of accessory enamel
growth in modern-day humans through the case
study of a modern-day upper first incisor.

Background

Amelogenesis and daily enamel growth

Amelogenesis is the process of secretion and min-
eralization of protein matrix by ameloblast cells
(Boyde, 1989; Nanci & Smith, 1992; Smith & Nanci,
1995). During the secretory stage of amelogenesis,
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ameloblast secretion is altered according to a daily
circadian rhythm, producing short-period markers
along the length of enamel prisms (e.g., Asper,
1916; Gysi, 1931; Massler & Schour, 1946; Okada,
1943; Kajiyama, 1965; Dean et al., 1993; Smith &
Nanci, 2003). These daily forming markers are
known as cross striations (e.g. Boyde, 1963; 1990;
Kajiyama, 1965; Bromage, 1991; Dean, 1995; Fitz-
gerald, 1995, 1998; Antoine, 2000; Antoine et al.,
2009). The formation of cross striations causes al-
terations in the refractive index of enamel prisms,
making them observable in thin sections under
transmitted light (e.g. Berkovitz et al., 2002; Zheng
etal., 2013).

Daily secretion rates (DSRs) can be calculated
from cross striations. These rates accelerate from
inner enamel regions proximal to the enamel den-
tine junction towards the outer enamel surface (e.g.
Beynon et al., 1991 Beynon et al., 1998; Reid et al.,
1998; Lacruz & Bromage, 2006; Mahoney, 2008;
Aris et al., 2020a, 2020b). Daily secretion rates are
also faster relative to their proximity to the dentine
horn (Beynon et al., 1991). Due to DSRs varying
within a tooth, analysis of these rates are undertak-
en for specific regions (e.g. Dean, 1998) where the
crown is divided into cuspal, lateral, and cervical
enamel, and then further subdivided into inner,
mid, and outer regions. Typically, DSRs are broad-
ly similar when equivalent regions are compared
between cusps within a molar (Mahoney, 2008).

Analysis of DSRs for human samples have ex-
amined variations within individual teeth
(Mahoney, 2008), differences between biologically
male and female groups (Schwartz et al., 2001), and
more recently variations between populations
(Aris et al., 2020a, 2020b). Despite the breadth of
these studies, they have universally used teeth ab-
sent of evidence of stress, pathology, and accessory
enamel growth. Thus, our understanding of how
human DSRs vary in accessory enamel in compari-
son to non-accessory enamel is limited.

Enamel growth patterns within pathological cases

While the DSRs of accessory enamel have not yet
been analysed, certain features of enamel growth
have been analysed for individuals presenting
signs of stress on their dentition. These studies
have focused on the possible changes in amelogen-
esis, which leads to the formation of enamel
growth defects observable from internal and exter-
nal analysis. Lukacs and colleagues have published
a series of papers explaining the pattern and ex-
pression of enamel defects in modern humans.
These can vary due to diet, geographic location,
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and climate. In particular, these papers present
evidence of longer crown formation times (CFTs)
in stressed individuals (Lukacs et al., 1989; Lukacs,
1991, 1992, 1999; Lukacs & Joshi, 1992; Lukacs &
Pal, 1993; Lukacs & Guatelli-Steinberg, 1994; Luck-
as & Walimbe, 1998; Guatelli-Steinberg & Lukacs,
1999). As CFTs are directly related to the products
of daily enamel growth (e.g. Massler & Schour,
1946) there is potential that accessory enamel pos-
sesses growth rates which vary from non-accessory
enamel.

Fitzgerald and Saunders (2005) investigated the
possibility of using enamel defects to predict the
age at which stress was incurred and thus improve
the way in which we interpret the influence of
stress on enamel growth patterns. This concept
was based on the ability to age through examining
interior enamel structures, and that these struc-
tures would be notably altered during stressful
events. Through the use of a large sample size (274
teeth from 127 Roman subadults), they concluded
that enamel formation patterns are more highly
impacted according to the severity of the cause of
stress, and that there is no minimum requirement
of stress level for enamel to be effected (Fitzgerald
& Saunders, 2005). Multiple papers have since been
published on this topic, all conclusively stating that
stress impacts enamel structures, significantly in-
creases CFTs, and reduces the reliability of DSR
calculations (Reid & Dean, 2006; Holt et al., 2012;
Birch & Dean, 2014; Primeau et al., 2015). As a re-
sult of these studies, we can reliably say that non-
accessory enamel grows differentially in individu-
als presenting evidence of stress. It is therefore im-
portant to expand our understanding of how acces-
sory enamel grows in relation to non-accessory
enamel.

Material and methods

Dental sample

Upper permanent first incisors (n=13) were select-
ed from a modern-day collection consisting of
teeth extracted between 1964 and 1973 at dental
surgeries in northern England and southern Scot-
land. All 13 samples originated from Newcastle-
Upon-Tyne, including an incisor presenting an ac-
cessory enamel cusp (5197). The accessory cusp of
5197 has developed on the cingulum and reached
beyond half the distance to the incisal edge (Figure
1), as such it is diagnosed as a talon cusp (Edgar et
al., 2016). The remaining 12 incisors made up a
standard sample, with each tooth presenting no
evidence of stress, pathology, or accessory enamel
growth. Right teeth were selected unless it was
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unavailable or the left was better preserved. The
collection itself is curated at the Skeletal Biology
Research Centre, University of Kent, as part of the
UCL/Kent Collection. Ethical approval for the his-
tological analysis of this dental sample was ob-
tained from the UK National Health Service re-
search ethics committee (REC reference: 16/
SC/0166; project ID: 203541).

Non-accessory enamel

Accessory enamel

1cm

Figure 1. Depictions of upper first permanent
incisor 5197 prior to sectioning highlighting the
regions defined as accessory and non-accessory
enamel. Moving left to right the images display
the tooth from the labial, lingual, and mesial
directions.

Sample preparation

Resin casts were produced for each incisor prior to
any destructive analysis, and were produced using
standard methods (Aris, 2020). The casts repro-
duced the surface morphology of the tooth crown
allowing for future study of microwear, crown
morphology, and enamel surface features includ-
ing linear enamel hypoplasia and perikymata.

Thin sections were produced using standard
histological procedures (e.g. Schwartz et al., 2005;
Mahoney, 2008; Aris, 2020). The incisors were em-
bedded in an epoxy resin and hardener mixture
(Buehler®) to minimise the chance of the teeth frac-
turing during sectioning. Embedded samples were
then cut at a low speed using a diamond-edged
wafering blade (Buehler® IsoMet 1000 Precision
Cutter) at a longitudinal angle through the apex of
the incisal crowns. The samples were then mount-
ed on glass microscope slides and lapped using
progressively finer grinding pads (Buehler®) until
around 120pum in thickness. Ground samples were
polished using 0.3um aluminium oxide powder
until evidence of lapping was removed from the
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mounted dental samples. Polished samples were
then placed within an ultrasonic bath for two
minutes in order to remove any remaining debris
before being dehydrated using 90% and 100% etha-
nol-based solutions (Fisher scientific®). The dehy-
drated sections were finally cleared using Histocle-
ar® and mounted with a glass cover slip using a
mounting medium (DPX®). All sections were ex-
amined wusing polarised light microscopy
(Olympus BX53 Upright Microscope). Analysis
and image capture was conducted using micro im-
aging software (cellSens) (see below for detail).

Daily secretion rates
The DSRs for the incisors were calculated for the
inner, mid, and outer areas of the lateral and cus-
pal enamel sites of each tooth using standard
methods (e.g. Beynon et al., 1991a; Schwartz et al.,
2001; Mahoney, 2008; Aris et al., 2020a, 2020b).
Each region within the cuspal and lateral sites was
determined by dividing the length of the enamel
regions into three equidistant portions, following
the longitudinal axis of local enamel prisms (Figure
2). The lateral enamel areas were determined with-
in the section of imbricational enamel equidistant
between the dental cervix and dentine horn. Re-
gions of cuspal enamel were determined within the
appositional enamel starting near the dentine horn.
Additional DSRs were calculated for isolated re-
gions of 5197’s accessory cusp (see Figure 2). These
regions were selected in a fashion as to mirror the
cuspal and lateral regions of the primary cusp.
Within each enamel region a measurement was
made of five consecutive cross striations along the
length of an enamel prism. This measurement was
subsequently divided by five, giving a mean daily
rate of matrix secretion (um/day). This process
was repeated to produce six mean DSRs for each
region. For the standard incisor sample these re-
sults were then similarly divided to give a grand
mean and standard deviation, following the stand-
ard statistical and methodological approaches of
studying human enamel growth rates (e.g. Beynon
et al., 1991 Beynon et al., 1998; Reid et al., 1995;
Lacruz & Bromage, 2006; Mahoney, 2008; Aris et
al., 2020a, 2020b). For S197 the six mean DSRs for
each region were kept separate for future analysis.
All cross striation measurements were taken be-
tween 20x and 40x magnification (Figure 3).

Statistical analysis

Independent sample T-tests were used to compare
mean equivalent regional DSRs between the select-
ed samples. First, the same DSRs of the primary
cusp and accessory cusp of S197 were compared.
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Figure 2. Cross section of Sample 197 displaying the regions from which DSRs were collected. Right superimpo-
sitions show the cuspal (top) and lateral (bottom) sites of the primary cusp. Left superimpositions show the cus-
pal (top) and lateral (bottom) sites of the accessory enamel. White squares represent the inner, mid, and outer
regions of each site respectively moving from the enamel dentine junction towards the outer enamel surface.
Daily secretion rates were collected from healthy clinical teeth from equivalent cuspal and lateral sites to the
right superimpositions.

Figure 3. Cross section of the cuspal enamel site of the primary cusp of Sample 197. The right superimposition
displays a portion of the mid cuspal region, and the white arrows indicate individual cross striations.
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Second, the DSRs collected from the primary cusp
enamel of S197 were compared to those of the
standard clinical sample. Third, the DSRs of the
accessory enamel of S197 were compared to those
of the standard clinical sample. All statistical anal-
yses were conducted using SPSS 24.0.

Results

Accessory enamel DSRs compared to primary cusp
DSRs

Table 1 displays the results of comparing the mean
DSRs of the primary cusp enamel to those of the
accessory cusp enamel, all collected from S197. For
the inner and mid regions of the lateral enamel the
primary cusp enamel presented significantly faster
DSRs. These were faster by a mean rate of 0.53um/
day (p<0.00) in the inner region, and 0.47um/day
(p=0.01) in the mid region. Conversely, accessory
enamel presented significantly faster DSRs for the
inner and mid cuspal enamel regions. These were
faster by a mean rate of 2.14pm/day (p<0.00) in the
inner region, and 1.02um/day (p<0.00) in the mid
region.

Non-accessory enamel DSRs compared to rest of popula-
tion

Table 2 displays the results of comparing the mean
DSRs of the primary cusp enamel of 5197 to those
of the standard clinical sample. For all regions of
the lateral enamel, the standard sample presented
significantly faster DSRs. These were faster by a

mean rate of 0.27um/day (p=0.01) in the inner re-
gion, 0.51pm/day (p<0.00) in the mid region, and
0.37um/day (p=0.02) in the outer region. The
standard sample also presented significantly faster
DSRs for the inner and mid cuspal enamel regions.
These were faster by a mean rate of 0.69um/day
(p<0.00) in the inner region, and 0.65um/day
(p<0.00) in the mid region.

Accessory enamel DSRs compared to rest of population
Table 3 displays the results of comparing the mean
DSRs of the accessory enamel of S197 to those of
the standard clinical sample. For all regions of the
lateral enamel, the standard sample presented sig-
nificantly faster DSRs. These were faster by a mean
rate of 0.80pm/day (p<0.00) in the inner region,
0.98um/day (p<0.00) in the mid region, and
0.59um/day (p<0.00) in the outer region. Converse-
ly, the accessory enamel sample presented signifi-
cantly faster DSRs for the inner cuspal enamel re-
gion by a mean rate of 1.45um/day (p<0.00).

Discussion

Inter-regional enamel growth of S197

The lateral enamel DSRs of the primary cusp were
significantly faster than those of the accessory
enamel in the inner and mid regions. Conversely,
the accessory enamel cuspal DSRs were significant-
ly faster than those of the primary cusp for the in-
ner and mid regions (see Table 1). This finding
goes against those of past research, which found

Table 1. Results of the independent samples T-tests comparing the mean regional DSRs (umy/day) of the
accessory enamel of Sample 197 to the primary cusp enamel of Sample 197. Significant results are marked

in bold, *p<0.00.

Enamel Region Sample N  Mean Min Max  S.D. Sig.
Lateral Enamel
Inner Accessory 6 2.24 2.02 2.37 0.14 0.00%
Primary cusp 6 2.77 2.48 2.98 0.19
Mid Accessory 6 251 2.37 2.81 0.16 0.01
Primary cusp 6 2.98 2.67 3.35 0.24
Outer Accessory 6 3.13 2.89 3.78 0.33 0.42
Primary cusp 6 3.35 2.88 3.77 0.34
Cuspal Enamel
Inner Accessory 6 4.65 4.30 4.98 0.21 0.00*
Primary cusp 6 251 214 2.78 0.12
Mid Accessory 6 3.91 3.37 4.41 0.37 0.00*
Primary cusp 6 2.89 3.44 2.40 0.25
Outer Accessory 6 3.71 3.09 414 0.46 0.81
Primary cusp 6 3.84 3.48 4.24 0.27
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Table 2. Results of the independent samples T-tests comparing the mean regional DSRs (um/day) of the healthy
samples to those collected from the primary cusp enamel of Sample 197. Significant results are marked in bold,

*p<0.00.
Enamel Region Sample N Mean Min Max S.D Sig.
Lateral Enamel
Inner Primary cusp 6 2.77 2.48 2.98 0.19 0.01
Healthy 12 3.04 2.56 3.32 0.21
Mid Primary cusp 6 2.98 2.67 3.35 0.24 0.00*
Healthy 12 3.49 2.86 3.80 0.27
Outer Primary cusp 6 3.35 2.88 3.77 0.34 0.02
Healthy 12 3.72 3.14 4.06 0.25
Cuspal Enamel
Inner Primary cusp 6 251 214 2.78 0.12 0.00*
Healthy 8 3.20 2.84 3.43 0.23
Mid Primary cusp 6 2.89 3.44 2.40 0.25 0.00*
Healthy 8 3.54 3.16 3.86 0.22
Outer Primary cusp 6 3.84 3.48 4.24 0.27 0.69
Healthy 8 3.89 3.36 4.09 0.23

Table 3. Results of the independent samples T-tests comparing the mean regional DSRs (um/day) of the healthy
samples to those collected from the accessory enamel of Sample 197. Significant results are marked in bold, *p<0.00.

Enamel Region Sample N Mean Min Max SD Sig.
Lateral Enamel
Inner Accessory 6 2.24 2.02 2.37 0.14  0.00*
Healthy 12 3.04 2.56 3.32 0.21
Mid Accessory 6 2.51 2.37 2.81 016  0.00*
Healthy 12 3.49 2.86 3.80 0.27
Outer Accessory 6 3.13 2.89 3.78 033  0.00*
Healthy 12 3.72 3.14 4.06 0.25
Cuspal Enamel
Inner Accessory 6 4.65 4.30 4.98 021  0.00*
Healthy 8 3.20 2.84 3.43 0.23
Mid Accessory 6 3.91 3.37 441 037  0.05
Healthy 8 3.54 3.16 3.86 0.22
Outer Accessory 6 3.71 3.09 414 046 074
Healthy 8 3.89 3.36 4.09 0.23
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DSRs to remain similar between equivalent regions
of different non-accessory cusps in typically multi-
cusped teeth (Mahoney, 2008). This unusual varia-
tion in DSR differences between the cusps is the
product of the cuspal DSRs of the accessory cusp
slowing with distance from the enamel dentine
junction (EDJ) along the enamel prism pathway.
This trend also differs to that seen in past research,
which has shown permanent enamel growth rates
of non-accessory enamel to always accelerate with
distance from the EDJ (e.g. Beynon et al., 1991,
1998; Reid et al., 1998; Lacruz & Bromage, 2006;
Mahoney, 2008; Aris et al., 2020a, 2020b).

This finding, in particular, demands further in-
vestigation, primarily to identify if the reversed
growth pattern in cuspal DSRs of accessory enamel
growth is consistent in other human samples.
Should this be the case then the expected principle
notion of enamel growth rates increasing with dis-
tance, a principle formulated on teeth not present-
ing accessory enamel growth from the ED]J, would
need to be addressed. It is plausible that this prin-
ciple, highly supported by the data of past research
(e.g. Beynon et al., 1991; Beynon et al., 1998; Reid et
al., 1998; Lacruz & Bromage, 2006; Mahoney, 2008;
Aris et al., 2020a, 2020b) can only accurately be ap-
plied to growth of non-accessory enamel. Further
research on the growth rates of accessory enamel is
therefore required in order to create an equivalent
growth principle for non-accessory enamel.

Primary cusp enamel growth compared to standard
sample

Despite being the primary cusp of 5197 and dis-
playing standard morphology for an upper perma-
nent first incisor, the regional enamel DSRs varied
significantly from the mean DSRs of the standard
sample (Table 2). Mean DSRs of all lateral enamel
regions, and the inner and mid cuspal regions,
were significantly slower in S197. However, outer
cuspal DSRs were slower by only a mean rate of
0.05um/day in 5197. Overall, while this research
only presents a preliminary case study, the data
suggests that such enamel will grow slower than
the standard sample cohort of the same tooth type
within the same population.

This finding primarily supports the use of teeth
possessing no abnormal or excess enamel in past
growth rate studies (e.g. Beynon et al, 1991;
Beynon et al., 1998; Reid et al., 1998; Lacruz & Bro-
mage, 2006, Mahoney, 2008; Aris et al, 2020a,
2020b), as there is now clear potential for signifi-
cant differences between teeth that do and do not
present accessory enamel growth as defined here.
Perhaps more importantly, there is new incentive
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for future research to continue analysing the
growth rates throughout all regions and types of
enamel from all tooth types. Such research will
serve to expand our knowledge of the growth rate
patterns common in human dentition, by identify-
ing if non-accessory enamel growth rates slow in
the presence of accessory enamel on the same
tooth, or if S197 is a unique case. Future research
should also examine the growth rates of less ex-
treme non-accessory enamel growth than that of
5197. This would help ascertain whether the ex-
tremity of accessory enamel growth is related to
the slowing growth rates of the non-accessory
enamel.

Accessory cusp enamel growth compared to standard
sample

The lateral enamel DSRs of the accessory cusp of
5197 presented significantly slower rates compared
to those of the standard sample (Table 3). Con-
versely, the inner cuspal DSRs of the accessory
cusp were significantly faster. The mid cuspal re-
gion was also faster by a mean rate of 0.37um/day,
but the outer cuspal region presented minimal var-
iation to the standard sample (Table 3). These re-
sults demonstrate the erratic and inconsistent
growth patterns of the accessory enamel of S197. It
is particularly unusual that the cuspal accessory
enamel growth slowed from inner to outer regions,
and that the outer region mean DSR climaxed at a
similar rate to equivalent DSRs of the standard
sample. Further research is required to ascertain
whether this is a unique phenomenon or the stand-
ard growth pattern for accessory enamel.

However, it should be noted that accessory
enamel manifestations differ between different
dental non-metric traits whose etiology includes
excess enamel formation. Future research investi-
gating the growth of accessory enamel should
therefore consider analysing growth rates of teeth
grouped according to their diagnosed traits and
tooth types, as it should not be assumed that acces-
sory enamel grows at similar rates between these
groups. This principle should be applied to all fu-
ture research advised here to avoid inaccurately
grouping the growth patterns of all non-accessory
enamel types.

Conclusions

The inter-regional differences in the growth rates
collected from S197 were erratic, and in some
enamel regions in direct contradiction with those
expected of human incisors and multi-cusped
teeth. Firstly, the differences between the equiva-
lent regional DSRs of the primary and secondary
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cusp of 5197 vary from the similarities observed in
past research comparing non-accessory cusps of
the same teeth. Secondly, the presence of extreme
accessory enamel formation appeared to slow the
growth rates of the non-accessory enamel when
compared to the growth rates of a standard sample
of teeth lacking accessory enamel growth. Finally,
the DSRs from the accessory cusp of S197 highlight
how accessory enamel growth rates will not neces-
sarily follow the trend of increasing rates with dis-
tance from the ED]J. The lack of additional research
greatly limits our understanding of these findings.
Overall, it is clear that more research into the
growth rates of accessory enamel, as well as non-
accessory enamel of the same teeth, is needed. Ide-
ally such research will analyse different tooth
types, and teeth with different diagnosed non-
metric traits, independently.
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