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ABSTRACT

Background: The study aimed to assess the radiologic-specific growth rate of ameloblastomas, evaluating potential associations
with demographics, radiologic features, histopathologic variants and proliferation indices. The results of this study will hopefully
establish if any clinical or histopathologic features can elude fast-growing ameloblastomas.

Methods: Patients presenting with multiple radiographs before surgical intervention due to various healthcare constraints or
patient factors were included in the study. The measurements from each radiograph included the lesion's length, height, width
and amount of expansion in these dimensions. Furthermore, the circumference of the lesion was measured in sagittal, coronal
and axial planes. The radiologic-specific growth rate was assessed by calculating the difference in measurements from the initial
to follow-up radiographs divided by the duration between the visits to calculate the growth rate per year.

Results: The specific growth rate was analysed between age groups, histopathologic variants and Ki-67 values, with no statis-
tically significant correlations found in all dimensions measured. A statistically significant faster growth (p=0.04) was seen
in females when measuring the mesial-distal length. When comparing radiologic features, ameloblastomas with loss of border
demarcation, severe cortical destruction and tooth displacement demonstrated statistically significant faster growth.
Conclusion: This study found significant correlations with the growth rate of ameloblastomas, specifically in coronal dimen-
sions, supporting the notion of buccal-lingual growth/expansion for which ameloblastomas are known.

1 | Introduction basal cell and desmoplastic. Rare histopathologic variants, in-
cluding keratoameloblastoma, have also been described [2].

Ameloblastoma (AB) is a benign odontogenic neoplasm of epi-

thelial origin with aggressive biological behavior [1]. ABs arising
within bone are broadly classified into unicystic and conven-
tional variants. Unicystic ABs are subdivided into luminal, intra-
luminal and mural, depending on their specific growth pattern.
Similarly, conventional ABs have various histopathologic sub-
types, including follicular, plexiform, acanthomatous, granular,

The aetiopathogenesis of ABs includes an initial monoclonal
mutation in genes involving the mitogen-activated protein ki-
nase (MAP-K) pathway. The BRAF gene is commonly impli-
cated in ABs with less common associated mutations, including
the KRAS, NRAS, HRAS, FGFR2 and the hedgehog signalling
pathway activating the SMO gene [1].
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The proliferative potential of neoplastic cells provides insight
into the overall biological behaviour of a tumour. Therefore, the
measurement of the proliferation index via Ki-67 immunohis-
tochemistry (IHC) gives insight into the biological aggressive-
ness of a tumour, being both a prognostic and predictive factor,
and directing the clinical course of a disease, ultimately guiding
management [3].

The growth of ABs has been a topic of interest as they exhibit
aggressive patterns, reflected in the progression of their radio-
logic appearances over time [4, 5]. Moreover, certain subtypes
of ABs behave and are treated differently, especially the sub-
types of unicystic ABs. Whether a difference exists between
the subtypes of conventional ABs has not been fully clarified.
Some studies note important differences between the con-
ventional subtypes, including demographics, radiologic fea-
tures, Ki-67 proliferation values and recurrence rates [6-9].
However, the comparison of these parameters against tumour
growth has not been assessed.

Specific growth rate (SGR), as described by Mehrara et al. [10],
was initially utilised to assess tumour response to treatment by
calculating the increase or decrease of tumour volume over a
specific time period. This formula has been used in AB stud-
ies using clinical, radiologic and histologic measurements
[11]. Furthermore, the formula has also been adapted to two-
dimensional linear measurements in ABs [12].

In developing countries, various healthcare constraints or pa-
tient factors may result in a loss of patient follow-up or treat-
ment interruption [11], resulting in multiple pre-treatment
radiographs. This study aimed to assess the SGR of ABs using
radiographic images, evaluating associations with demograph-
ics, radiologic features, histopathologic variants and prolifera-
tion indices. The results are expected to characterise clinical or
histopathologic features that may identify fast-growing ABs.

2 | Materials and Methods
2.1 | Study Participant Selection

Histopathologically diagnosed cases of ABs were retrieved from
the digital database of the Department of Oral and Maxillofacial
Pathology, University of Pretoria. To meet the study objectives,
included cases required initial and follow-up digital radiographs
of adequate diagnostic quality in the database before definitive
treatment. Furthermore, included cases needed sufficient pre-
served formalin-fixed paraffin-embedded tissue to confirm the
diagnosis, determine the histopathologic subtype, and perform
Ki-67 THC analysis.

2.2 | Histopathological Analysis

Diagnosis confirmation, histopathologic subtyping and IHC
analysis were performed on the most representative section
(resection over biopsy sample) of the tumour from all available
specimens for each included case. The histopathologic variant
was classified based on the predominant pattern visible in all
sections of the tumour, following the latest WHO classification

of head and neck tumours [1]. Ki-67 IHC analysis was per-
formed on freshly cut 3 um sections for each included case using
Ventana rabbit monoclonal Ki67 (clone 30-9) antibody. Staining
was performed on a Ventana Benchmark GX Automated System
(Ventana Medical Systems Inc., Tucson, Arizona, 85755 USA)
according to the manufacturer's recommendations using the
Ventana OptiView DAB IHC detection kit. Sections were then
counterstained with haematoxylin and mounted with a per-
manent mounting media. Appropriate positive controls were
included in all cases. The proliferation index was calculated by
counting at least 100 cells at a hot spot in a representative tu-
mour section. Areas with a dense inflammatory infiltrate were
not evaluated due to the influence on the proliferation index.

2.3 | Radiologic Analysis

Demographic data was retrieved from the patient's records.
Digital radiographs, including panoramic (PR) and skull radio-
graphs, and specialised imaging, consisting of computerised
tomography (CT) and cone-beam CT (CBCT), were utilised for
radiological evaluation. The investigators were blinded to the
histopathologic variant and proliferation index when the radio-
graphs were assessed.

To determine the SGR of included cases, diagnostically accept-
able radiographs were collected and imported to ImagelJ soft-
ware (National Institutes of Health), version 1.8.0, in JPG format.
After this, the radiographic measurements were calibrated for
magnification between each examination (initial and follow-up
radiographs) per patient using the mesiodistal dimension of a
tooth in proximity to the lesion (not affected or displaced by the
tumour), similar to the methodology employed by Mariz et al.
[12] Due to differences in imaging modalities, physical measure-
ments were not expressed to indicate growth, rather a percent-
age of growth between two calibrated images per patient.

The measurements from each radiograph included the greatest
diagonal dimension, length (mesial-distal), height (superior-
inferior) and width (medial-lateral) dimensions of the lesion
(Figure 1). These were measured using a method similar to that
of a previous study by Merbold et al. [4] On two-dimensional
(2D) imaging, the length was defined as the largest dimension of
the lesion measured by a line running parallel to the inferior bor-
der of the mandible on a panoramic radiograph. The height was
measured by a line perpendicular to the inferior border of the
mandible. The width was only measurable on 2D imaging when
a radiograph at a right angle to the lesion was available (e.g.,
a posterior-anterior skull radiograph if the lesion was located
in the posterior mandible). On CBCT imaging, a panoramic ra-
diograph was constructed from the volumetric data to measure
the length and height, similar to the measurements on the pan-
oramic radiograph. The width was measured at the widest lesion
dimension on the coronal section. Additional measurements in-
cluded the amount of expansion in all three dimensions, as pre-
viously mentioned, if available. This was done by comparing the
size of the lesion to a contralateral reference. For example, the
expansion of the ramus was compared to the normal contralat-
eral ramus measurements (amount of expansion of the affected
ramus minus the contralateral normal ramus). Furthermore, the
circumference of the lesion was measured using the software
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FIGURE1 | Image measurementon 2D images (A, B). The diameter of the lesion is measured at a line corresponding to the largest overall dimen-

sion of the lesion (2). The length of the lesion (3) is measured at the widest mesial-distal dimension using a line parallel to the inferior mandibular
border (1). The height of the lesion (4) is measured using a line perpendicular to the inferior mandibular border. The sagittal circumference (5) is
measured using the polygon tool. The width of the lesion (6) and coronal circumference (7) is measured on skull radiographs. On CBCT images, a

panoramic radiograph is reconstructed from the volumetric data and measured similarly as described above (C). The width and coronal circumfer-

ence are measured on CBCT imaging in the coronal slice at the widest lesion dimensions (D).

polygon selection tool on sagittal (panoramic view), coronal and
axial planes (when available) on CBCT images.

The SGR was assessed by calculating the difference in calibrated
measurements from initial to follow-up radiographs divided by
the duration between the visits to obtain the growth rate per
year, as described by Mehrara et al. [10] where M, represents
the initial measurement, and M, represents the follow-up.
Similarly, T1 represents the date of the first radiograph, and T2
represents the follow-up date to calculate the duration between
examinations.

SGR=In (MZ/MI)
TZ_TI

Each measurement was taken at the widest dimensions of the le-
sion and remeasured three times. The average of all three mea-
surements was used. The SGR of included cases, expressed as a
percentage of growth (%) between radiographs, was analysed to
assess for any associations with demographics, radiologic fea-
tures, histopathologic variants and proliferation indices.

2.4 | Statistical Analysis
The results of the various analyses were recorded using Microsoft

Excel (Version 2016), and subsequent statistical analysis of the
categorical data was performed using Stata 18.0 SE (StataCorp

LLC, TX, USA). The distribution of data was confirmed using
the Shapiro-Wilk test. Descriptive statistics were reported using
median and interquartile ranges. Kruskal-Wallis and Dunn's
pairwise comparison using rank sums with Bonferroni cor-
rection was used for multiple comparisons, including SGR and
radiologic features, age, histopathologic variants and Ki-67
proliferation scores. The Wilcoxon signed-rank test was used
to compare SGR with sex. Asymptotic Significance (p-value)
of less than 0.05 was considered statistically significant. Intra-
examiner reliability was assessed by the principal author (CS)
remeasuring randomly selected cases constituting 15% of the
sample 3 months later. Inter-examiner reliability was evaluated
by analysing 15% of the sample by another investigator (AU)
with experience in the field of Maxillofacial Radiology. This was
assessed using Bland Altman and Lin's Concordance correlation
coefficient.

3 | Results

Over the 11-year period (2013-2023), 54 cases met the inclusion
criteria, with 54 initial and 86 follow-up radiographs (total of 140
radiographs) included in the final sample. The median age of
included cases was 32.5years, and the sample had a 1:1.2 male-
to-female ratio. The median duration from the initial to last
follow-up radiograph before definitive treatment was 0.73 years
(mean=1.5years). Only 38 cases had radiologic evidence of
treatment at the same institution and the median duration be-
tween initial to treatment radiograph was 1.5years.
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The radiologic SGR was analysed with age (Table 1), with
the majority of fast growth seen in the fourth quartile (ages
47-76years), although not statistically significant (p>0.36).
This growth was not considered a factor of time, as the dura-
tion between radiographs in this group (1.33 years) was com-
parable to the duration of the other age quartiles. Comparing
the SGR between sexes (Table 2), a statistically significant
faster SGR (p =0.04) was seen in females when measuring the
mesial-distal length. The length expansion and volume were
also notably greater in females, although not statistically sig-
nificant. Males had higher SGR rates, albeit not statistically
significant, when the circumference of the lesion was mea-
sured in the coronal and axial dimensions. Interestingly,
males presented at a later age (39.19 vs. 26.44years) and a
shorter duration between radiographs (0.58 vs. 0.77years)
compared with females.

The SGR of ABs was compared with various radiologic fea-
tures, and the results are summarised in Table 3. A statisti-
cally significant difference was noted when comparing SGR
to the borders of ABs, with faster growth in the coronal cir-
cumference seen in ABs with loss of border demarcation.
However, contrary to this finding, faster SGR was generally
seen in lesions with well-defined borders. In general, lesion
locularity did not influence the SGR. Regarding effects on
the surrounding bone, statistically significant higher SGR
was noted in tumours with severe cortical destruction in the
coronal dimension (p =0.007). The SGR in length was signifi-
cantly lower in lesions with cortical thinning versus destruc-
tion (p=0.02). Effects on surrounding teeth revealed that
tooth displacement was noted with significantly higher SGR
in length compared to root resorption (p =0.002).

When analysing the histopathologic variants of AB, the majority
of cases included in the study were classified as follicular (18
cases), followed closely by acanthomatous (17 cases), granular
cell (6 cases) and plexiform (5 cases) variants, with the other
variants being rare. Unicystic ABs only constituted 5.6% of the
total sample (3 cases). The duration between radiographs was
shorter in the granular cell, follicular and plexiform variants,
although not statistically significant (p=0.13). The SGR was
analysed between the histopathologic variants, with no statis-
tically significant differences found in all dimensions measured
(p>0.233) (Table 4). However, it was interesting to note that the
acanthomatous and granular cell variants had higher SGR in
most dimensions assessed.

The median proliferation index using Ki-67 THC of all cases was
6.5%. When excluding the rarer variants of AB, the plexiform
and acanthomatous variants showed the highest median prolif-
eration indices, at 12% and 10%, respectively. When assessing
the sagittal circumference (or panoramic radiograph circumfer-
ence), the acanthomatous and plexiform cases had the highest
SGR correlated with their higher median proliferation indices.
The SGR was examined across categories of Ki-67 proliferation
values: low (< 5%), intermediate (6%-15%) and high (> 15%), mir-
roring the approach taken in a study conducted by Ahlem et al.
[13] The SGR was comparatively low in the high Ki-67 group,
except for the diagonal dimension (Table 5). Overall, no statis-
tically significant correlations were noted between Ki-67 values
and SGR (p>0.067). Finally, a stepwise regression analysis of

all assessed parameters revealed no correlation with the SGR of
ABs. The intra- and inter-examiner reliability for all measure-
ments showed excellent agreement (> 0.954).

4 | Discussion

Ameloblastoma is a frequently studied head and neck tumour
due to its relatively high prevalence, presenting as the most com-
mon odontogenic neoplasm [1]. The near-equal male-to-female
ratio reported in the current study aligns with the literature [14].
ABs have been reported to present earlier in African population
groups [5, 15]. Generally, the size of ABs does not differ between
age groups [15], and no statistical correlations of SGR could
be found with demographic measures [4, 11]. However, larger
tumours and faster growth rates have been reported in young
males [12, 16]. This was contrary to the current study's findings,
whereby more rapid growth was seen in the fourth age quartile.
Additionally, females showed higher SGR in the mesial-distal
dimension, as well as length expansion and volume. These are
noteworthy findings as they ultimately influence the size of the
final surgical resection margins.

The radiologic presentation of ABs and some of their unique
features have been well described in the literature [5, 17]. In a
South African setting, 20% of ABs present with a loss of bor-
der demarcation radiologically, likely due to their large size
and high prevalence of cortical destruction [15]. In the current
study, more than 60% of ABs presented with a loss of border
demarcation, with close to 90% exhibiting cortical destruction.
Furthermore, the current study noted a statistically significant
difference when comparing the SGR to the borders of ABs. ABs
with a loss of border demarcation showed faster coronal circum-
ference SGR. These results should be viewed cautiously, as the
current study also found that higher SGR was generally seen in
cases with well-defined borders.

The radiologic features of ABs evolve over time if left untreated,
progressing from well- to poorly-demarcated borders, uni- to
multilocular lesions, with increased rates of expansion, corti-
cal thinning and destruction [4]. Furthermore, a statistically
significant correlation has been found between larger lesion
dimensions and multilocularity [16], with multilocular lesions
also showing higher recurrence rates [6, 18]. The influence of
multilocularity or size on recurrence rate requires further inves-
tigation. The current study found no correlation between lesion
locularity and SGR. This is substantiated by studies showing fast
growth and high recurrence rates could also be seen in uniloc-
ular ABs [12, 19]. Unsurprisingly, the current study found faster
SGRs in ABs with severe cortical destruction in some dimen-
sions. More specifically, SGR in length was significantly lower
in lesions with cortical thinning compared to those with cortical
destruction. The current study found that tooth displacement
was seen in significantly faster SGRs in length compared to root
resorption. This finding is interesting as faster growth is usually
associated with root resorption. Cases with root resorption were
noted in older individuals (mean age 35years) compared to those
with tooth displacement (mean age 30years), emphasising that
age did not influence this finding. In this regard, Bi et al. [19]
found that the risk of AB recurrence was reduced by 77.5% when
associated with root resorption, which may support the current
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TABLE 2 | Specific growth rate per year of ameloblastomas between sex.
Sex Male Female p?* Total
n (%) 25 (46.3%) 29 (53.7%)
Duration between radiographs (years) 0.58 0.77 0.768 54 0.73 1.79
SGR per year (%) n  Median IQR n  Median IQR n  Median IQR CI 95%
Diagonal 25 24.27 62.5 29 30.21 117.41 0.209 54 26.91 94.3 —-133 186
Length 25 22.24 56.4 29 73.07 188.00 0.041* 54 24.30 127.08 -3 51
Height 25 31.13 70.35 29 21.89 68.78  0.708 54 27.06 69.02 15 39
Width 14 20.66 47.79 17 16.92 54.41 0.691 31 18.72 60.46 -2 40
Calculated volume 13 68.32 76.03 17 96.68 126.53  0.517 30 84.48 121.22 45 124
Length expansion 11 43.34 119.15 16 150.78 237.81 0.183 27 98.89 234.85 20 178
Height expansion 18 35.36 200.24 25 39.01 122.35 0.902 43 39.01 141.53 11 67
Width expansion 14 42.08 110.76 14 36.08 100.74  0.358 28 39.48 81.13 13 66
Calculated expanded 10 174.70 353.84 12 189.54 164.22  0.644 22 189.53 174.32 107 272
volume
Sagittal circumference 21 55.21 148.75 27 53.19 162.55 0.622 48 54.20 147.78 22 87
Coronal circumference 10 66.92 107.68 15 12.58 102.06  0.222 25 42.31 111.85 48 172
Axial circumference 10 57.81 92.07 8 15.07 64.87  0.328 18 39.25 81.9 -1 79

Abbreviations: CI, confidence interval; IQR, interquartile range.
2Wilcoxon signed rank test.
*Statistically significant.

study's findings of lower SGR in length in cases presenting with
root resorption.

Odukoya et al. [20] found higher growth rates in conventional
ABs (0.81cm? per month) compared with unicystic ABs (0.17cm?
per month). The distribution of histopathologic variants in the
current study is not a reflection of their true prevalence, but
rather influenced by the inclusion and exclusion criteria of the
study. For example, the current study only comprised three
cases of unicystic AB due to their relative absence of multiple ra-
diographs for assessment of SGR, limiting further observations.
Studies have found that desmoplastic ABs have significantly
lower growth rates [21] and proliferation indices [9] compared to
conventional ABs. In these cases, the desmoplastic stroma likely
acts as a barrier, limiting growth [21]. Similar to a systematic
literature review by Chae et al. [11], no statistically significant
differences were noted in the current study when the SGRs were
analysed between the histopathologic variants. However, it was
interesting to note that the acanthomatous and granular cell
variants had higher SGR in most dimensions assessed. Further
studies are necessary in this regard to substantiate these find-
ings. Rarer variants of ABs were included in the study, as they are
currently classified under conventional ABs due to similar aetio-
pathogenic mechanisms and treatment protocols. Although the
numbers of these rare variants are limited and prevent detailed
comparisons, it improves current knowledge of the growth seen
in these variants and provides scope for future studies.

Previous studies have attempted to estimate the growth rate of
ABs, with an estimated growth ranging between 40.4%-87.8%
or 2.0-9.7cm3 per year [4, 11, 12, 20]. These studies reported

growth over a mean of 9 [11] and 4years [12] between radio-
graphs, in contrast to the current study, which reported a me-
dian duration of less than 2years between images. The median
SGR in the sagittal circumference (panoramic radiograph view)
in the current study was 54.20% (mean=110%), comparable to
other studies [12]. High rates of up to 3356.83% have been re-
ported, with follow-up periods of less than a year [11]. Some high
values were seen when tumour expansion was compared to the
contralateral normal side. In the current study, most lesions
showed a positive SGR. However, there were also instances
where the tumour decreased in size, with a negative growth
rate. This could be explained by cortical destruction resulting in
a collapse of the cystic spaces within multilocular ABs, impart-
ing a “pseudomarsupialisation” effect on the tumour (Figure 2).
This was supported by cases showing a loss of border demarca-
tion and cortical destruction having a lower SGR. This decrease
was only noted in specific dimensions measured; for example,
if the lesion had buccal perforation and resulted in a collapse of
cystic space, the buccal-lingual (width and coronal circumfer-
ence) measurement may decrease. However, this might still be
accompanied by an increase in length, emphasising the impor-
tance of assessing the lesion in multiple dimensions.

Ki-67 proliferation indices indicate tumour aggressiveness, with
significantly higher values reported in recurrent ABs and those
with shorter disease-free survival [13, 22, 23]. The Ki-67 prolif-
eration index also differs between the histopathologic variants
of ABs, with some studies finding higher values in follicular
ABs [8, 9, 24] and others finding higher values in plexiform ABs
[25-28]. However, no statistical correlations were found when
comparing age, sex, site, size, or histopathologic variant of ABs
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FIGURE2 | Ameloblastoma showing growth between the initial (A) and follow-up (B) radiographs after 15months. In contrast, an ameloblasto-

ma with a decrease in size between the initial (C) and follow-up (D) radiographs. On the axial CBCT image (insert), cortical destruction and reactive

bony thickening can be seen.

and Ki-67 values [13]. A study by Li et al. [29] found a statisti-
cally significant correlation between high Ki-67 values and loss
of border demarcation, along with higher recurrence rates [29].
Conversely, Sandra et al. [8] found no association between radio-
logic features and the proliferation indices, concluding that the
proliferation rate cannot predict the radiologic presentation of
ABs. In the current study, higher Ki-67 values were seen in cases
with lower SGR, apart from the diagonal and sagittal circumfer-
ence measurements. Theoretically, the opposite findings were
expected. However, if one considers the faster growth resulting
in cortical destruction, leading to a pseudomarsupialisation of
cystic spaces and, hence, a decrease in tumour size, it will im-
pact the growth rate.

The limitations of this study include that initial and follow-up
CBCT images were not available for all patients, resulting in
comparisons between different imaging modalities. Using a
percentage growth rate between two calibrated images miti-
gated this limitation. In some cases, the whole lesion could not
be measured in one view, which resulted in excluding that par-
ticular measurement. Cases with severe cortical destruction re-
sulted in difficulty in determining the tumour margin.

Delays in treatment, attributed to various factors, are reported in
the literature [11], especially in developing countries. Financial/
travel/healthcare constraints, fear, lack of communication and
other factors may result in a loss of patient follow-up or treat-
ment interruption [11]. This is an unfortunate reality that is
often seen in developing countries. In the current study setting,
patients are lost to follow-up for various reasons and, upon their

return, require re-evaluation of the tumour, resulting in multiple
pre-treatment radiographs. The strength of this study, measur-
ing the SGR of 54 cases of AB, lies in its large sample compared
to the systematic review by Chae et al. (n=16) [11], and another
similar study by Mariz et al. (n =12) [12]. The current study also
assessed the SGR of ABs in multiple dimensions.

5 | Conclusion

In conclusion, this study found significant findings regarding
coronal dimensions, supporting the notion of buccal-lingual
growth/expansion for which ABs are known. Although no
clinical or histopathologic signs predict fast-growing ABs, fu-
ture studies should assess for associations with the various
gene mutations that ultimately drive the pathogenesis of these
neoplasms.
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