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ABSTRACT

Background: Inferring risk for malignant transformation (MT) in patients with lesions diagnosed as mild or moderate oral epi-
thelial dysplasia (low-grade OED) remains challenging. We developed two models assessing the risk of progression to high-grade
OED (severe dysplasia or carcinoma in situ) or OSCC in patients with low-grade OED lesions.

Methods: We included demographic, risk habit and clinical data from participants with low-grade OED lesions enrolled in the
BC Oral Cancer Prevention Program's Oral Cancer Prediction Longitudinal study. Cox proportional hazard models were fit to
estimate the effects of anatomic site and toluidine blue findings and adjusted for confounders, as both are associated with MT
in the literature but without a North American-specific cohort analysis. Our primary model included both variables of interest.
A secondary model included only anatomic site since toluidine blue is not in widespread use.

Results: Five hundred and thirty-four participants with 605 lesions met final inclusion criteria, with 339 mild and 266 moderate
OED at baseline. In the primary model, lesions at a high-risk anatomic site or with positive toluidine blue staining were asso-
ciated with a 2.6 and 2.4-fold increased risk of progression, respectively. In the second model that did not incorporate toluidine
blue, high-risk anatomic site remained a highly associated risk factor (2.7-fold increased risk of progression).

Conclusion: Lesion anatomic site is associated with higher risk of MT for the general practitioner, while a specialist with access
to toluidine blue results can assume additional risk associated with positive staining. These models may inform decisions for
surveillance and intervention for OED.

1 | Introduction carcinomas (OSCC). The histopathological presence of oral

epithelial dysplasia (OED) remains the current gold standard
In 2022, the Global Cancer Observatory (GLOBOCAN) re- for assessing the risk of progression to carcinoma in patients
ported that almost 390000 cases of lip and oral cavity cancer  presenting with oral potentially malignant disorders (OPMD)
were diagnosed worldwide, with 188 000 associated deaths [1], such as leukoplakia or erythroplakia, and the higher the de-
and greater than 90% of these cancers are oral squamous cell gree of dysplasia, the greater the risk of progression [2]. OED
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is graded as mild, moderate, or severe (including carcinoma
in situ (CIS)). Mild and moderate dysplasia (low-grade OED)
involves changes in the lower third and middle third of the
epithelial thickness, respectively, while severe dysplasia/CIS
(high-grade OED) involves changes in more than two-thirds
[3]. The rate of malignant transformation (MT) of OED varies
across studies, but a meta-analysis reported an overall rate of
MT for OED of 12.1%, with a mean time to MT of 4.3 years [4].
The risk of MT in patients with lesions harboring severe dys-
plasia/CIS is high, and hence these lesions are sent for curative
surgical treatment prior to MT. Low-grade OED is more prev-
alent and has a comparatively lower MT rate than high-grade
OED, and it remains a widespread challenge for clinicians to
differentiate which patients with low-grade OED merit closer
monitoring or intervention. More definitive risk assessment
would improve clinical decision-making for these lesions.

Studies have investigated the clinical features associated with
arisk of progression in patients with leukoplakia and erythro-
plakia with (or without) OED, although most are retrospective
studies. These include lesion color, anatomic site, size, and
topographical appearance [5-8]. The floor of the mouth and
the ventral and lateral borders of the tongue are thought to be
high-risk sites for MT, theorized to be related to carcinogens
from tobacco and alcohol pooling in saliva [2, 9]. Toluidine
blue (TB) is a vital stain-based diagnostic adjunctive tech-
nique, and positive TB staining has been strongly associated
with the presence of high-grade OED and OSCC [10], and also
thought to portend increased risk for MT in low-grade OED,
though with limitations of small sample size and univariable
analysis and in particular a paucity of representation of North
American populations [11].

To date, there is a paucity of models using real-world data from
large prospective longitudinal cohorts supporting reliable in-
dicators of risk of progression in OED [12]. Predictive tissue
biomarkers for progression risk, such as loss of heterozygosity
(LOH) and aneuploidy, have been validated in such prospective
studies, but they are not readily available for commercial use by
most clinicians [13-15]. To date, there are no models that allow
risk to be estimated based on factors routinely collected by clini-
cians in primary and/or secondary care settings. In this paper,
we present clinically applicable models to aid in determining
the risk of progression in patients with lesions harboring mild or
moderate (low-grade) OED using demographic, risk habit, and
clinical features.

2 | Materials and Methods
2.1 | Study Population

All patients in this study were enrolled in the ongoing Oral
Cancer Prediction Longitudinal (OCPL) study in Vancouver,
British Columbia, Canada, between January 1, 1997 and
December 31, 2021. Patients diagnosed with OED are referred
from community practices in the province of British Columbia
to the BC Oral Cancer Prevention Program's oral dysplasia
clinics (NextGen Dysplasia Clinics) in the Greater Vancouver
area. All data collected (demographic, medical, clinical, histo-
logical, and biomarkers) were entered into a database. Inclusion

requirements for the current study included a lesion with biopsy-
proven mild or moderate OED and no previous high-grade OED
or OSCC. Ethical approval was obtained from the University of
British Columbia/BC Cancer Agency Research Ethics Board,
and participants were accrued to the study using written in-
formed consent.

2.2 | Data Collection

The OCPL study collects demographic information and risk
habit information on standardized assessment forms. Tobacco
and alcohol use are updated annually and include the amount
and duration of habit use, along with start and quit dates. A
smoker was defined as having smoked more than 100 cigarettes
or the equivalent in their lifetime [16]. Alcohol consumption
was recorded as the average weekly number of drinks, where
one alcoholic drink equaled a 12o0z. beer, 50z. of wine, or 10z.
of spirits [17].

Clinical features recorded in this study (anatomic site, size,
color, texture, appearance, and TB status) were collected pro-
spectively at study entry and at 6-month intervals. Appearance
was recorded as either homogeneous (uniformly white color and
smooth textured throughout the lesion) or non-homogeneous
(not uniformly white and/or smooth). Clinical data were col-
lected for each lesion if multiple dysplastic lesions were present.
Anatomic site was categorized as high-risk (floor of mouth and
ventral and lateral borders of the tongue) and low-risk (all other
oral sites). “No lesion” was recorded if a former biopsy site had
no visible lesion or only a scar.

2.3 | Missing Data

Several of our predictor variables had missing values, which we
assume are missing at random (MAR) (conditional on the co-
variates in our model). In order to retain all observations for our
models, we imputed these missing values using the imputation
algorithm from the “randomForestSRC” package [18]. This im-
plements a random survival forest-based imputation algorithm
developed by Ishwaran et al. [19]. (More details are given in the
Supporting Information) Using the resulting imputed data, we
proceeded to model fitting.

Clinical images of lesions were taken at each study visit. Biopsies
were taken every 2years or when there were concerning clin-
ical changes, and histopathological results were recorded. All
lesions with low-grade OED were included for analysis, and
the study's primary disease endpoint was when the lesion (or
the first lesion in patients with multiple lesions) progressed to
either severe dysplasia/CIS or OSCC (or verrucous carcinoma
(VC)). Severe dysplasia was included in the progressors’ out-
come group based on evidence reported by our group and others
that severe dysplasia progresses to carcinoma at a high rate of
approximately 32% of patients in 3years and 59% in 5years [20].
All patients that progressed were sent for surgical excision or
resection. Patients whose lesion(s) did not progress were denoted
as non-progressors. The time of follow-up was defined as from
the date of initial biopsy to the date of progression (progressors)
or last follow-up visit (non-progressors).
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2.4 | Statistical Models
2.4.1 | Inference

To model our time-to-event data, we fit Cox proportional haz-
ards models using the ‘survival’ package in R [18]. The response
variable was the time to progression to high-grade OED or car-
cinoma (OSCC/VC) from the time of the first biopsy. The pri-
mary objective was to estimate the effects of anatomic site and
TB on the time to progression. Therefore, our primary model
estimated the effects of both anatomic site and TB simultane-
ously in a Cox model (along with all confounders). We also fit a
secondary model that estimated only anatomic site (along with
all confounders) because TB is typically used in expert settings,
and a model with the other features may be useful for the pri-
mary setting. Exploratory Kaplan-Meier analyses suggested
that both TB and anatomic site were associated with a higher
risk of progression, justifying further investigation in more com-
plex models. In this context, “adjusted” means that our analysis
accounts for the influence of other variables that could affect
the relationship between anatomic site, TB, and disease progres-
sion, ensuring that the results specifically reflect the indepen-
dent effects of the primary variables of interest. Therefore, we
included several suspected confounding variables in addition to
these two primary predictor variables. This allowed us to esti-
mate an adjusted hazard ratio (HR) for each of anatomic site and
TB, accompanied by 95% confidence intervals (CIs), using our
Cox models. Specifically, the primary model included TB sta-
tus at initial visit, anatomic site, the presence of multiple sites,
sex, age at first diagnosis of dysplasia, smoking frequency and
duration, alcohol use, race, lesion area, and color and texture
(appearance). The second model included all the parameters of
model one except for TB status.

To account for the existence of multiple lesions within individ-
uals, robust sandwich type standard errors quantify the uncer-
tainty in our parameter estimates.

We evaluated the proportional hazards assumption, specifi-
cally by testing the null hypothesis that there is no correlation
between the Schoenfeld residuals and time. A zero slope in the
fitted regression line is consistent with no violations in the pro-
portional hazards assumption.

We then constructed estimated survival curves using our pri-
mary fitted Cox model for a hypothetical patient with baseline
covariates and a hypothetical at-risk subject. To do so, we used
a fitted Cox model to estimate survival probabilities at various
time points.

3 | Results

3.1 | Demographic, Risk Habit and Clinical
Features

There were 605 low-grade OED lesions originating from 534
unique patients that met study criteria: 472 of the patients had
one lesion under observation in the study; 55 patients had two le-
sions; 6 patients had three lesions; and 1 patient had five lesions.
Among the OED lesions, 339 were graded as mild dysplasia and

266 were moderate dysplasia. Forty patients, accounting for 49
lesions, died in follow-up. Descriptive statistics for demographic
and risk habits and outcomes are shown in Table 1, while clini-
cal variables and outcomes are in Table 2. The mean time to pro-
gression was 36.2months (SD: 29.1 months, median 32months),
while non-progressing lesions had follow-up for a mean of
61.2months (SD: 44.6 months, median 54 months).

3.2 | Model Development

In the primary model, anatomic site and positive TB staining
were both estimated to be highly associated with the risk of pro-
gression (Table 3). The estimated hazard ratios and accompa-
nying 95% confidence intervals (CIs) for a high-risk anatomic
site and positive TB staining were 2.6 (1.3-5.1) and 2.4 (1.1-5.1),
respectively. Conditional on the effects of the other predictors
(i.e., potential confounders), a greater than twofold increase in
the risk of progression from mild or moderate dysplasia to severe
dysplasia/CIS or OSCC/VCC was observed for the anatomic site
of a lesion and a positive TB result. In addition, appearance, in
terms of homogeneous color and texture of lesions, was esti-
mated to be highly associated with progression (Table S3).

In the secondary model that omitted TB, the estimated hazard
ratio and 95% CI for a high-risk anatomic site was 2.7 (1.3-5.4),
nearly identical to the estimate in model 1, and consistent with
the hypothesis that TB provides additional explanatory informa-
tion for the probability of progression.

Estimated survival curves for low and relatively high-risk hypo-
thetical subjects, respectively, from 0.5 to 10years after the ini-
tial clinical visit showed clear separation of the estimated curves
(Figure 1).

4 | Discussion

The identification of patients with lesions harboring low-risk
OEDs at increased risk for progression by clinicians is of par-
amount importance in the prevention of OSCC. Theoretically,
once a dysplastic lesion is found to be at an increased risk for
progression, clinical interventions can be recommended to re-
move or mitigate risk. The use of clinical prediction models to
aid in the assessment of the risk of progression has not been
adopted in standard care, though it has the potential to guide
decision-making for clinicians who monitor patients with le-
sions harboring low-grade dysplasia. All patients with abnormal
findings on a visual and tactile exam that are deemed clinically
suspicious for OSCC or OPMDs are recommended for biopsy. If
the definitive histopathologic diagnosis is low-grade OED, the
decision to treat or monitor can be challenging, largely due to
the lack of agreement on treatment for OED [21].

OED remains the current gold standard predictor for progres-
sion and typically guides clinicians in the management of this
patient population. Yet, as a single predictor, histopathology
is imperfect due to limitations of sampling and pathologist
agreement. Importantly, the definitive diagnosis of dyspla-
sia rendered by an oral pathologist, particularly in the con-
text of mild and moderate dysplasia, can be subjective and is
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TABLE1 | Distribution of sociodemographic and smoking and alcohol status and progression status.

Lesions
All Non-progressors Progressors
N (%) N (%) N (%)
605 555 (92) 50 (8)
Age at diagnosis years, mean (SD) 59.1 (11.7) 59.2 (11.7) 57.4 (11.5)
Age category (years)
<50 133 (22) 117 (21) 16 (32)
50-59 178 (29) 166 (30) 12 (24)
60-69 171 (29) 159 (29) 12 (24)
>70 123 (20) 113 (20) 10 (20)
Sex
Female 267 (44) 242 (44) 25 (50)
Male 338 (56) 313 (56) 25 (50)
Race
White 502 (83) 464 (84) 38 (76)
Asian 86 (14) 76 (14) 10 (20)
First nations 3(k1) 3(<1) 0
Black 4(<1) 4(<1) 0
Other 10 (2) 8 (1) 2(4)
Lesions
Lifetime average frequency (cigs/ All Non-progressors Progressors
day)? Lifetime duration (years) N (%) N (%) N (%)
Smoking status (N=592)
Never® Never 206 (34) 185 (33) 21 (42)
<20 <20 5709) 54 (10) 3(6)
<20 >20 85 (14) 77 (14) 8 (16)
>20 <20 17 (3) 13(2) 4(8)
>20 >20 227 (38) 214 (39) 13 (26)
Missing values 13(2) 12(2) 1(2)
Alcohol status (drinks/week)® (N=571)
0-6 332 (55) 303 (55) 29 (58)
7-20 158 (26) 144 (26) 14 (28)
>21 81 (13) 75 (14) 6(12)
Missing values 34 (6) 33(6) 1(2)

2Cigs/day weighted over one's lifetime.
YNever smoker defined as less than 100 cigarettes in lifetime.
“Years drank weighted over one's lifetime.

unpredictable as an indicator of risk [21]. OED is a disorder
diagnosed by the identification of 28 cytological and architec-
tural changes in the oral epithelium [3, 21]. In a meta-analysis
of the MT of OPMD, Guan et al. [22] found that the risk of
MT versus non-dysplastic leukoplakia increased progressively

with the severity of OED: mild OED showed a 1.87-fold in-
creased risk, moderate OED a 2.92-fold increased risk, and
severe OED a 7.13-fold increased risk. Conversely, Arduino
et al. [23], in their study of 207 patients with OED, found that
the grade of dysplasia was not associated with MT. Inclusion

4
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TABLE 2 | Distribution of clinical features of diagnosed with OED and progression status.

All Non-progressors Progressors
N (%) N (%) N (%)
(N=605) (N=555,92%) (N=50, 8%)

Color

White only 271 (45) 252 (45) 19 (38)

Other 235 (39) 205 (37) 30 (60)

No lesion? 76 (13) 76 (14) 0

Missing values 23 (4) 22 (4) 1(2)
Appearance

Homogeneous 185 (31) 173 (31) 12 (24)

Non-homogeneous 321 (53) 284 (51) 37 (74)

No lesion? 77 (13) 77 (14) 0

Missing values 22 (4) 21(4) 1(2)
Size

<200mm? 334 (55) 316 (57) 18 (36)

>200 mm? 244 (40) 213 (38) 31 (62)

Missing values 27 (4) 26 (5) 1(2)
Anatomic siteP

Low risk 282 (47) 268 (48) 14 (28)

High risk 323 (53) 287 (52) 36 (72)
Number of sites®

1 362 (60) 330 (59) 32 (64)

>2 243 (40) 225 (41) 18 (36)
Toluidine blue

Negative 509 (84) 476 (86) 33 (66)

Positive 63 (10) 50 (9) 13 (26)

Equivocal 12 (2) 10 (2) 24

Not done 10 (2) 8(1) 2@

Missing values 11 (2) 11 (2) 0
Dysplasia grade

Mild 339 (56) 324 (58) 15 (30)

Moderate 266 (44) 231 (42) 35 (70)

aScar or no lesion was visible.
"High-risk site—lateral, ventral tongue, and floor of mouth.

°A lesion was considered a separate site if it was at least three centimeters away from another lesion.

of severe dysplasia in the sample can also influence MT rates.
In retrospective analyses of OED that included low- and high-
grade OED, Kierce et al. [24], Jaber and Elameen [25] and
Gomez-Armayones et al. [26] and had MT rates of 16.7%, 5.5%,
and 42%, respectively. In a systematic review, Mehanna et al.
[4] reported a MT rate of 10.3% for low-grade dysplasia. In our
study, where severe dysplasia is an endpoint, the progression

rate was 8% with a larger proportion of moderate OED (13%)
having progressed than mild OED (4%).

Various clinical characteristics have been found to be associ-
ated with an increased risk of MT in OPMDs, with and without
OED. These clinical characteristics include OPMDs in females
and non-smokers, the anatomic site of the lesion (oral tongue

Journal of Oral Pathology & Medicine, 2025

85U8017 SUOWLLIOD A0 8|l dde au Aq peusenob a.e Sspie YO ‘8sn JO Sejn. 1o} Azeiq1 8UlUO A8]IM UO (SUORIPUOD-PUR-SLLIBY/LID"AB | 1M AteIq Ul |UO//Sd1Y) SUOIPUOD pue SWS | 84} 88S *[GZ02/TT/S0] U0 AriqiTaulluo A8|im ‘ AseAlun ea1pe N Bunisyoey - usyd uemyi-n A Aq 02002 dol/TTTT 0T/I0pw00" A8 |1 Ake.q1jpul|uoy/:sdny wouy pepeojumod ‘0 ‘¥T.0009T



or floor of mouth), larger size (>2cm?), a non-homogeneous
appearance, and the presence of OED [6, 9]. However, only a
few of these studies look at a multivariate relationship between
such factors and MT. In a longitudinal study of patients with

TABLE 3 | Association between TB status, anatomic site, and risk

of progression.
Model 12 Model 2P
HR (95% HR (95%

Parameter CI) P CI) D
TB negative® 1.0

TB positive® 2.4(1.1-5.1) 0.020 — —
TB equivocal 2.2(0.5-10.1)  0.298 — —
TB not done 3.7(0.7-19.4)  0.126 — —
Low-risk 1.0 1.0

anatomic site

High-risk
anatomic site*

2.6(1.3-51)  0.008 2.7(1.3-54)  0.006

Note: Bold values indicate statistically significant (p <0.05).

Abbreviations: 95% CI, 95% confidence interval; HR, hazard ratio.

Includes key risk factors and potential confounders: presence of multiple sites,
sex, age at first diagnosis of dysplasia, smoking frequency and duration, alcohol
use, race, lesion area, and color and texture (appearance).

"Model 2 excludes TB.

°TB positive, lesion picked up stain; TB equivocal, lesion staining is inconclusive;
TB negative (reference group), the lesion did not pick up stain.

Estimated Survival Distributions:

Lower vs High Risk Individuals

o
~
o

0.50

Probability of Non-progression

o
N
[4,]

0.00

0.0 25 5.0
Years

OED by Ho et al. [6], 25% of lesions harboring OED underwent
MT, and a multivariate analysis found that non-smokers and a
non-homogeneous clinical appearance were at the greatest risk
of MT. The authors attributed the higher MT rate to both the
higher prevalence of patients with severely dysplastic lesions
and a long follow-up time. Similarly, Arduino et al. [23] found
that non-homogeneous appearance was the only clinical factor
associated with MT. Our multivariable modeling determined
that high-risk anatomic site and TB positive status were associ-
ated with progression.

Toluidine blue has a long history (> 50years) as a diagnostic ad-
junctive technique for detecting OSCC, but its use in OED has
been controversial [27]. Interpretation can be subjective, and
the possibility exists for false positive and false negative stain-
ing. Interpretation requires expertise and experience. As such,
an expert panel convened by the American Dental Association
has recommended against the use of vital staining by general
dentists. TB is an acidophilic vital stain that works by binding
the phosphate groups of nucleic acids, which are found in higher
concentrations in cancer and progressing neoplastic tissue [28].
In addition, it penetrates between the cells of neoplastic tissue
due to defective intercellular barriers [29]. In an expert setting,
however, TB has been demonstrated to have utility to facilitate
biopsy site selection and to identify satellite lesions [30]. Zhang
et al. [11] found TB positivity to be associated with a four-fold
increased risk of MT for low-grade dysplasia. The authors also
reported TB positivity was associated with a non-homogeneous

Risk Level

= higher risk
* lower risk

75 10.0

FIGURE 1 | Estimated survival curves and pointwise 95% confidence intervals (shading) comparing a higher risk vs. lower risk anatomic site

individuals. The higher risk curve corresponds to a lesion located at an anatomic site more prone to progression and with positive TB staining. The

lower risk curve corresponds to a lesion with negative TB staining and located at anatomic site less prone to progression. All other covariates were

set at their baseline values: Single site (no multiple sites), female sex, age < 50years, smoking frequency <20 cigs/day and duration <20years, alcohol

consumption of 0-6 units per week, white (race), lesion area <200 mm?, and homogeneous appearance.
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appearance, large size, and predictive molecular markers for
MT (i.e., loss of heterozygosity (LOH)). In this study, we demon-
strated in multivariable analysis that TB positivity is associated
with progression.

This study was limited by the relatively small number of lesions
with clinical progression and the possibility that results may
not apply to patients with a prior history of high-grade OED as
these patients were excluded. Still, the data for this study were
collected prospectively in consecutively referred patients using
standardized forms, all patients had biopsy-proven dysplasia,
and dysplasia was followed regularly by clinicians trained by the
same team, and all biopsies for this study were reviewed by the
same oral pathology team.

In conclusion, we examined a large clinical dataset, using a ro-
bust multivariable analysis, the association of anatomic site and
TB with malignant transformation for risk assessment of pa-
tients with low-grade OED to assist with decisions on close sur-
veillance and early intervention. These statistical models were
fit using demographic, risk habit, and clinical features from a
long-term prospective study of British Columbia patients with
low-grade OED lesions. This led to two models with both an-
atomical site and TB that can be easily integrated into clinical
care, the first model to assist clinicians with TB expertise, while
the second model excluded TB to assist clinicians in any setting
that do not utilize TB. Given the lack of commercially available
real-time chairside adjunctive techniques built on the validation
of novel “-omics” biomarkers, we feel that these simple models
can improve risk stratification and facilitate important treat-
ment decisions. This second model found that high-risk anatom-
ical site maintained a strong association with progression. In a
primary care setting where most clinicians do not routinely use
toluidine blue, patients with mild OED involving high-risk sites
would be referred to secondary “expert setting” where the use
of toluidine blue is more commonly employed. It is important
to note that OSCC can occur at any oral site and OED should be
followed closely regardless of site and TB status. However, cli-
nicians encountering patients diagnosed with lesions with low-
grade dysplasia at high-risk anatomic sites, and with positive
TB staining also, might consider a more aggressive approach
to intervention, such as surgical excision, chemoprevention, or
more frequent surveillance to prevent or mitigate the risk for
progression.
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