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Abstract

Background: Childhood cancer survivors face significant long-term oral
health challenges following antineoplastic treatment. The primary aim of this
study was to examine the effect of time elapsed since completion of
antineoplastic treatment on oral health parameters — caries experience,
salivary function, and dental developmental ancoinalies — in childhood ALL
survivors. Secondary objectives included comparing oral health parameters
between survivors and healthy sibling controls and identifying independent
predictors of caries outcomes.

Methods: This cross-sectional study included 38 ALL survivors (aged 5-18
years) and 20 healthy sibling controls. Dental caries was assessed using the
International Caries Detection and Assessment System (ICDAS II) and
DMFT/dft indices. Salivary flow rate (SFR) and pH were measured using
standardized protocols. Dental developmental anomalies were assessed by
combined clinical and panoramic radiographic examination. Comparisons
were performed using the Mann-Whitney U test, the Kruskal-Wallis test, and
the chi-square test, with multivariable linear regression used to identify
independent predictors of caries outcomes.

Results: Early survivors demonstrated significantly higher mean ICDAS
scores (median 1.38 vs 0.60; p = 0.007) and elevated DMFT/dft indices
(median 12.0 vs 7.0; p = 0.002), together with significantly lower SFR
(median 0.28 vs 0.40 mL/min; p = 0.017), compared with late survivors.
Dental developmental anomalies were significantly more prevalent in
survivors (84.2%) than controls (10%; p < 0.001); microdontia was most
common (37.7%), followed by root malformation (24.5%) and taurodontism
(15.1%). Multivariable regression identified age and time since treatment
completion as independent predictors of ICDAS scores (adjusted R? = 0.285,
p = 0.014), while time since treatment completion independently predicted
DMFT/dft scores (B = —4.522, p = 0.003).



Conclusions: Dental developmental anomalies were highly prevalent among
childhood ALL survivors and, being a direct consequence of treatment, were
independent of the time elapsed since its completion. In contrast, salivary
flow rate and caries experience were poorer among survivors examined
within 24-36 months of treatment completion than among those examined
later, indicating gradual recovery of salivary function over time. Closer
preventive dental monitoring during the first years after treatment,
supported by sustained oncology-dental collaboration, is therefore
recommended.

Keywords: Acute lymphoblastic leukemia, Childhood cancer survivors,
Dental anomalies, Oral health, ICDAS, Salivary function.

Background

Advances in pediatric oncology have substantially improved survival rates for
childhood cancers, with five-year survival now exceeding 80% in developed
countries [1, 2]. Acute lymphoblastic leukemia (ALL) represents the most
common pediatric malignancy, accounting for approximately 25% of all
childhood cancers, with survival rates approaching 90% following
contemporary treatment protocols [3]. However, this therapeutic success has
revealed a substantial burden of treatment-related late effects that
significantly impact survivors’ quality of life [4, 3].

Oral and dental complications constituie a significant yet underrecognized
category of late effects in childhood carncer survivors (CCS) [6, 7]. Systematic
reviews and meta-analyses have reported dental developmental anomaly
prevalence rates ranging from 46% to 62% in this population [8, 9]. These
anomalies, including microdontia, dental agenesis, root malformations, and
enamel hypoplasia, result from cytotoxic disruption of odontogenic processes
during critical developmental windows [10, 11]. Children exposed to
antineoplastic therapy before the age of 5 years are at particularly high risk,
as this period coincides with the active mineralization of the permanent
dentition [12, 13].

Chemotherapy (CT) and radiotherapy (RT) affect dental development through
complex and multifactorial mechanisms. Antineoplastic agents exert both
cytostatic and cytotoxic effects on malignant cells and rapidly proliferating
odontogenic tissues during critical stages of tooth development [14, 15].
Antineoplastic agents such as vincristine, vinblastine, doxorubicin, and
cyclophosphamide have been shown to disrupt normal dental development,
with clinical evidence documenting taurodontism, delayed tooth eruption,
and root development abnormalities in survivors treated with these regimens
[8]. Radiotherapy-related dental sequelae appear to be dose-dependent, with
increasing radiation doses associated with a higher prevalence of root
shortening, blunted roots, and premature apical closure [16]. Although the
minimum RT dose required to induce dental developmental changes remains
unclear, doses as low as 10 Gy have been reported to cause permanent



damage to immature ameloblasts, while doses around 30 Gy may arrest
dental development entirely [16].

Beyond developmental anomalies, survivors frequently experience salivary
gland dysfunction. Salivary gland dysfunction has been reported in a
proportion of childhood cancer survivors at long-term follow-up, though its
persistence and clinical significance may vary depending on treatment
protocol and time since treatment completion [17, 18]. Hyposalivation
creates an oral environment conducive to caries development by reducing
buffering capacity, diminishing clearance of fermentable carbohydrates, and
altering the microbial ecology [18]. Because many survivors fail to recognize
salivary dysfunction symptoms, objective salivary assessment is preferable to
relying solely on symptom-based screening.

The temporal evolution of oral health parameters following treatment
completion remains incompletely characterized. While acute oral toxicities
during active therapy are well-documented, the trajectory of recovery—or
persistence—of these effects during the survivorship period requires further
elucidation [19, 20]. Understanding the critical time points at which oral
health parameters stabilize can inform evidence-based surveillance protocols
and guide the timing of preventive interventions.

Both the Children’s Oncology Group and the European Academy of Paediatric
Dentistry have issued guidelines recommending dental evaluation and
structured follow-up for childhood carncer survivors [6, 21, 22]; nevertheless,
implementation remains inconsisteni, and recommendations on the timing
and intensity of surveillance lack robust empirical support.

The primary aim of this study was to examine the effect of time elapsed since
completion of antineoplastic treatment on oral health parameters — caries
experience, salivary function, and dental developmental anomalies — in
childhood ALL survivors. Secondary objectives were: (1) to compare these
oral health parameters between survivors and healthy sibling controls; and
(2) to identify independent predictors of caries outcomes in this population.
For analysis, the post-treatment interval was operationalized by stratifying
survivors into early (24-36 months) and late (37-60 months) groups using the
sample median, as detailed in the Methods.

Methods

Study design and setting

This cross-sectional observational study was conducted between November
2024 and April 2025 at **** University Hospital, ***** Participants were
recruited from the Pediatric Hematology outpatient follow-up clinic and
referred to the Pediatric Dentistry Department for a comprehensive oral
examination. The study protocol was approved by the Dokuz Eylul University
Non-Interventional Research Ethics Committee (approval number: 2024/04-
18) and conducted in accordance with the Declaration of Helsinki. Written



informed consent was obtained from parents or legal guardians, and assent
was obtained from participants aged 7 years and older.

Participants

The case group consisted of 38 children (17 males, 21 females; aged 5-18
years) with histologically confirmed ALL who had completed chemotherapy
24-60 months prior to enrollment. Patients were treated with the AIEOP-BFM
ALL 2000 protocol [23]. Inclusion criteria comprised: (1) histologically
confirmed ALL diagnosis; (2) completion of chemotherapy 24-60 months
before study enrollment; (3) age between 5 and 18 years; and (4) documented
complete remission status. Exclusion criteria included: (1) active malignancy
or disease recurrence; (2) ongoing chemotherapy; (3) history of
hematopoietic stem cell transplantation; (4) presence of systemic disease
unrelated to cancer history; and (5) current orthodontic appliance use.

Disease- and treatment-related data were abstracted from hospital medical
records in collaboration with the Pediatric Hematology Department and
included ALL immunophenotype, treatment protocol, age at diagnosis, date
of treatment completion, and cranial radiotherapy status and dose; these are
summarized in Table 1. Each participant’s general! medical history was
reviewed at enrollment; consistent with the eligibilily criteria, no participant
had a systemic disease unrelated to the oncolcgical diagnosis.

Although eligibility was defined by current age (5-18 years) for pragmatic
recruitment reasons, the clinically reievant exposure window is the age at
antineoplastic treatment. In the present study sample, the median age at
diagnosis was 3.5 years (IQR 2-5); the oldest participant was diagnosed at 11
years of age, and no participart received antineoplastic treatment thereafter.
As the permanent dentitiori completes maturation by approximately 16 years
of age [24], all participants were necessarily exposed to treatment well within
the active window of odontogenesis and dental maturation, during which the
developing dentition remains susceptible to treatment-induced disturbance.
Consequently, the hypothetical scenario of a patient treated after completion
of dental maturation did not arise in this study sample.

For subgroup analysis, survivors were stratified by time since treatment
completion into early survivors (24-36 months post-treatment; n = 18) and
late survivors (37-60 months post-treatment; n = 20). This cutoff was based
on the median time since treatment completion in the study sample (median
= 36 months) and should be considered exploratory.

The control group comprised 20 healthy siblings (8 males, 12 females) of the
cancer survivors, matched for age range (5-18 years). Control inclusion
criteria required: (1) no history of malignancy or chronic systemic disease;
(2) no regular medication use; (3) American Society of Anesthesiologists
(ASA) physical status classification I; and (4) no current orthodontic
treatment.



Clinical examination

All clinical examinations were performed by a single calibrated examiner
(S.E.G.) to ensure consistency. The examination protocol was conducted over
two visits, for two main reasons. First, participants were referred from the
Pediatric Hematology clinic on the day of their oncology appointment; the
initial visit was used to obtain written informed consent and to record each
participant’s dental and medical history. Second, because standardized
unstimulated salivary collection must be performed within a fixed morning
window (09:00-10:00) to control for circadian variation in salivary output, a
separate morning appointment was scheduled for salivary assessment. Oral
hygiene instruction using the modified Bass technique was provided during
the first visit; the interval between visits was short and insufficient to produce
clinically meaningful changes in the measured oral health parameters.

One month prior to data collection, the single examiner who performed all
clinical assessments participated in structured training and calibration
exercises conducted with 20 children under the supervision of an experienced
examiner who served as the “gold standard.” The intra-examiner agreement
for the primary examiner was determined to be & = 0.87, reflecting
substantial agreement.

Given the sibling-controlled study design, in which participants from the
same family attended examinations concurrently, assessor blinding to group
allocation was not feasible. This represents an acknowledged limitation of the
study.

Dental caries assessment

Dental caries was assessed using the International Caries Detection and
Assessment System 1i (ICDAS II), which enables detection of both early non-
cavitated and cavitated lesions, offering greater sensitivity than traditional
DMFT indices alone [25]. ICDAS II criteria score lesions from 0 (sound
surface) to 6 (extensive, distinct cavity with visible dentin). Examinations
were conducted under standardized lighting conditions with teeth dried using
compressed air. Mean ICDAS scores were calculated as the sum of all surface
scores divided by the number of examined surfaces. The maximum ICDAS
score was recorded to capture the most severe lesion. Additionally, the DMFT
index (decayed, missing due to caries, and filled permanent teeth) and the dft
index (decayed and filled primary teeth) were calculated according to World
Health Organization criteria [26].

Oral hygiene assessment

Oral hygiene status was evaluated using the Simplified Oral Hygiene Index
(OHI-S), comprising debris and calculus components assessed on index tooth
surfaces [27]. A structured dental history and oral hygiene habit
questionnaire were not administered; oral hygiene was instead assessed
objectively through the OHI-S.



Salivary analysis

Unstimulated whole saliva was collected between 09:00 and 10:00 hours to
control for circadian variation. Participants rinsed their mouths with
deionized water and remained seated in an upright position for 5 minutes
before collection. Saliva was collected passively into pre-weighed graduated
tubes over a 10-minute period using the draining method. Salivary flow rate
(SFR) was calculated as volume (mL) divided by collection time (minutes).
Salivary pH was measured within 30 minutes of collection using a calibrated
bench-top pH meter (Hanna Instruments HI 221, Woonsocket, RI, USA). The
pH meter was calibrated daily using standard buffer solutions (pH 4.01 and
7.01).

Dental developmental anomaly assessment

Dental developmental anomaly assessment was performed through a dual
approach combining both clinical examination and panoramic radiographic
evaluation. Clinical assessment was performed under standardized lighting
conditions with compressed air drying, enabling direct visualization of
enamel surface defects, discoloration, and structural abnormalities. Digital
panoramic radiographs were obtained for all participants and evaluated for
dental developmental anomalies by two independent examiners (S.E.G. and
G.K.). The use of two independent radiographic examiners was intentional:
while clinical examination was performed by a single examiner to minimize
variability, dental developmental anomalies on panoramic radiographs
require meticulous interpretation and can be subtle in presentation; two
independent assessors were therefore employed to reduce the risk of missed
findings. Anomalies assessed included: microdontia, dental agenesis,
taurodontism, root maiformation, concrescence, and enamel hypoplasia.
Inter-examiner reliability for dental anomaly assessment was evaluated using
Cohen’s kappa coefficient, demonstrating substantial agreement (xk = 0.82).
Intra-examiner reliability was calculated separately for each assessor: Kk =
0.90 for the first examiner and x = 0.86 for the second examiner, both
indicating substantial to excellent agreement. Representative panoramic
radiographs illustrating the spectrum of dental developmental anomalies
observed in survivors are presented in Figures 1 and 2.

Statistical Analysis

All analyses were performed using IBM SPSS Statistics (v.26.0). The
distribution characteristics of continuous variables were assessed using the
Kolmogorov-Smirnov and Shapiro-Wilk tests, while homogeneity of variance
was evaluated with Levene’s test. Since most variables did not meet the
assumption of normality, nonparametric methods were preferred for
comparative analyses. Descriptive statistics were presented as medians
(interquartile ranges) for continuous variables and as frequencies
(percentages) for categorical variables. For group comparisons, the Mann-
Whitney U test was used for two-group analyses, and the Kruskal-Wallis test



for three-group analyses; post-hoc pairwise comparisons were adjusted using
the Bonferroni correction. Categorical variables were analyzed using the Chi-
square test. To evaluate differences related to time since treatment
completion, subgroup analyses were conducted between early survivors (24-
36 months) and late survivors (37-60 months).

Multivariable linear regression analyses were performed to identify
independent predictors of oral health outcomes. Mean ICDAS score and
DMFT/dft scores were included as dependent variables, while age (entered
as a continuous variable, in years), sex, salivary flow rate, salivary pH,
presence of dental developmental anomalies, time since treatment
completion (early vs late), and history of radiotherapy were evaluated as
independent variables. Regression assumptions (normality of residuals,
linearity, and multicollinearity) were examined, and collinearity diagnostics
(VIF) were within acceptable limits. Additionally, stepwise regression models
were constructed to identify the most meaningful predictors. A p-value < 0.05
was considered statistically significant for all analyses.

Results

Participant characteristics

A total of 58 participants were enrolled, comprising 38 ALL survivors and 20
healthy sibling controls. The case group consisted of 17 males (44.7%) and
21 females (55.3%), with a median age of 9.0 years (interquartile range, IQR:
7.0-11.0). The control group included 8 males (40%) and 12 females (60%),
with a median age of 10.5 years (1QR: 8.25-13.75). No significant differences
were observed between groups for age (p = 0.098) or sex distribution (p =
0.729). Among survivors, 6 (15.8%) had received cranial radiotherapy as part
of their treatment protocol.

Clinical and treatment characteristics of the ALL survivor group are
summarized in Table 1. The median age at diagnosis was 3.5 years (IQR: 2-
5), with the youngest participant diagnosed at 11 months and the oldest at
11 years of age. Notably, 76.3% of participants (n = 29) received
antineoplastic treatment at or before the age of 5 years — the period
identified in the literature as conferring the highest risk of odontogenic
disruption [12, 13] — while the remaining 23.7% (n = 9) were diagnosed at
age 6 years or older.

Table 1. Clinical and treatment characteristics of the childhood ALL
survivor group

ALL Survivor Group (n =
38)

Sex, Female/Male 21/17
Current age, median (IQR), years 9.0 (7.0-11.0)

Characteristic




Characteristic S Survivgg)Group =

Age at diagnosis, median (IQR), years 3.5 (2-5)

ALL subtype, B-cell ALL, n (%) 26 (68.4%)

ALL subtype, T-cell ALL, n (%) 12 (31.6%)
Treatment protocol AIEOP-BFM ALL 2000
Radiotherapy, n (%) 6 (15.8%)
Radiotherapy dose, median (IQR), Gy 12 (12-18)

Age at diagnosis <5 years, n (%) 29 (76.3%)

Age at diagnosis =6 years, n (%) 9 (23.7%)

Data presented as median (IQR) or n (%). IQR: interquartile range.

Comparison between survivors and controls

Table 2 presents the comparison of oral health paraineters between the case
and control groups. No statistically significant differences were observed
between survivors and controls for mean ICDAS score (median 0.89 vs 1.27;
p = 0.245), maximum ICDAS score (5.0 vs 5.0; p = 0.831), DMFT/dft index
(9.0 vs 11.5; p = 0.137), OHI-S score (1.49 vs 1.40; p = 0.381), salivary flow
rate (0.38 vs 0.50 mL/min; p = 0.241), or salivary pH (7.46 vs 7.35; p = 0.162).

Table 2. Comparison of oral health parameters between ALL
survivors and healthy sibling controls

Control Case Grou
Paramete: Group (n = - 38 p p-value
Age (years) 10'153 (%35‘ 9.0 (7.0-11.0) | 0.098¢
Sex, male n (%) 8 (40%) 17 (44.7%) 0.729r
ICDAS mean score 1'2Z é%')75_ O°8(f ((5%‘)45_ 0.245a
ICDAS maximum score 5.0 (4.0-5.75) 5.0 (3.0-6.0) 0.8312
DMEFT + dft index 11.5(7.5- | 99 (6.0-13.25) | 0.137
13.75)

1.40 (0.87- 1.49 (1.00- a

OHI-S score 1.50) 1.99) 0.381




LD Case Group
Parameter Group (n = — 38 p-value
: 0.50 (0.23- 0.38 (0.20- a
SFR (mL/min) 0.71) 0.50) 0.241
. 7.35 (7.18- 7.46 (7.27- a
Salivary pH 7.53) 7.73) 0.162

Data presented as median (IQR) or n (%). SFR: salivary flow rate; OHI-S:
Simplified Oral Hygiene Index; ICDAS: International Caries Detection and
Assessment System. *Mann-Whitney U test; *Chi-square test.

Subgroup analysis by time since treatment completion

Stratified analysis comparing controls, early survivors, and late survivors
revealed significant differences across groups (Table 3). Mean ICDAS scores
were significantly higher in early survivors than in late survivors (median
1.38 vs 0.60; p = 0.007), and DMFT/dft indices were likewise significantly
higher in early than late survivors (median 12.0 vs 7.0; p = 0.002). OHI-S
scores did not differ significantly across the controi, early-, and late-survivor
groups (median 1.40 vs 1.49 vs 1.49; p = 0.600). Early survivors also
demonstrated significantly lower SFR than late survivors and controls
(median 0.28 vs 0.40 vs 0.50 mL/min; p = 0.017). No significant differences
were observed for maximum ICDAS score or salivary pH across groups.

Table 3. Comparison of oral health parameters across control, early
survivor, and late survivor giroups

i N
Control (n | Early (n = | Late (n =
Parameter = 20) 18) 20) p-value
10.5 (8.25- | 8.5 (6.75- 10.0 (8.0- a
Age (years) 13.75) 11.0) 11.0) I
Sex, male n (%) 8 (40%) 7 (38.9%) 10 (50%) 0.742>
1.27 (0.75- | 1.38 (0.59- | 0.60 (0.34- o
ICDAS mean score 1.82) 2.50) 1.17) 0.0072*
ICDAS maximum 5.0 (4.0- 5.0 (5.0- 4.0 (3.0- 0.076°
score 5.75) 6.0) 5.75) )
. 11.5 (7.5- 12.0 (8.5- 7.0 (4.25- sk
DMFT + dft index 13.75) 14.25) 9.0) 0.002
1.40 (0.87- | 1.49 (1.06- | 1.49 (0.85- a
OHI-S score 1.50) 2.12) 1.97) 0.600




Control (n | Early (n = | Late (n =
Parameter = 20) 18) 20) p-value
: 0.50 (0.23- | 0.28 (0.20- | 0.40 (0.31- .
SFR (mL/min) 0.71) 0.40) 0.60) 0.0172*
: 7.35(7.18- | 7.21 (6.92- | 7.29 (7.17- o
Salivary pH 7.53) 7.69) 7.39) 0.347

Data presented as median (IQR) or n (%). Early: 24-36 months post-
treatment; Late: 37-60 months post-treatment. SFR: salivary flow rate; OHI-
S: Simplified Oral Hygiene Index; ICDAS: International Caries Detection
and Assessment System. Kruskal-Wallis test; *Chi-square test. *p < 0.05.

Dental developmental anomalies

Dental developmental anomalies were identified in 32 of 38 survivors (84.2%)
compared with 2 of 20 controls (10%), representing a statistically significant
difference (p < 0.001; Table 4). Among the 53 individual anomalies
documented in the survivor group, microdontia was most prevalent (n = 20;
37.7%), followed by root malformation (n = 13; 24.5%), taurodontism (n = 8;
15.1%), hypoplasia (n = 5; 9.4%), agenesis (n = 4; 7.5%), and concrescence
(n = 3; 5.7%). Multiple anomaly types were cbseirved in 14 of the 32 survivors
with anomalies (43.8%). In the control group, one case of concrescence and
one case of supernumerary tooth were identified.

Table 4. Prevalence and distribution of dental developmental
anomalies in ALL survivors and controls

! Control Case Grou
Prevalence Group (n = _ p p-value
(n = 38)
20)
Anomaly present, n (%) 2 (10%) 32 (84.2%) <0.0012a*
Anomaly absent, n (%) 18 (90%) 6 (15.8%)
Distribution of TOtE.ll TOt&.ﬂ
anomaly types anomalies (n | anomalies (n
= 2) = 53)
Microdontia 0 20 (37.7%)
Root malformation 0 13 (24.5%)
Taurodontism 0 8 (15.1%)
Enamel hypoplasia 0 5(9.4%)
Dental agenesis 0 4 (7.5%)
Concrescence 1 (50%) 3 (5.7%)




LD Case Grou
Prevalence Group (n = _ p p-value
(n = 38)
20)
Supernumerary teeth 1 (50%) 0 (0%)

aChi-square test. *p < 0.05. Note: Some patients exhibited multiple types of
anomalies.

Radiotherapy subgroup analysis

Among survivors, comparison between those who received radiotherapy (n =
6) and those who did not (n = 32) revealed no significant differences in SFR
(median 0.20 vs 0.40 mL/min; p = 0.147), salivary pH (median 7.23 vs 7.31;
p = 0.172), mean ICDAS score (median 0.73 vs 0.89; p = 0.279), maximum
ICDAS score (median 5.0 vs 5.0; p = 0.445), or DMFT/dft index (median 8.50
vs 9.00; p = 0.519). Patients who received radiotherapy were significantly
older than those who did not (median 11.0 vs 8.5 years; p = 0.021). However,
these findings should be interpreted with caution, as the limited number of
irradiated participants (n = 6) likely resulted in insufficient statistical power
to detect potential differences, and a Type II error cannot be excluded.

Multivariable regression analysis

Multivariable linear regression analysis for mean ICDAS score identified age
and time since treatment completion (early versus late) as independent
predictors (Table 5). The full model was statistically significant (F = 3.107; p
= 0.014) and explained 28.5% of the variance in ICDAS scores (adjusted R?
= (0.285). Increasing age was associated with decreasing ICDAS scores (B =
—0.124; 95% CI: —0.221 to —0.027; p = 0.014). A longer time since treatment
completion (late group) was independently associated with lower ICDAS
scores than the early group (B = —0.607; 95% CI: —1.200 to —0.015; p =
0.045).

Table 5. Multivariable linear regression analysis for ICDAS mean
score

Variable B 95% CI p-
value
—-0.221 to

Age -0.124 —0.027 0.014*

Time since treatment _ —1.200 to *

completion (late vs early) 0.607 —-0.015 0.045

Salivary flow rate —-0.021 —0.154t0 0.112 | 0.746

Salivary pH —-0.571 —-1.326t0 0.184 | 0.133

Sex 0.136 —-0.399t0 0.672 | 0.607




Variable B 95% CI p-
value
Radiotherapy history -0.279 —1.072t0 0.514 | 0.478
Dental anomaly presence 0.072 —0.659 t0 0.802 | 0.843

Model summary: Adjusted R? = 0.285, F = 3.107, p = 0.014. CI: confidence
interval. *p < 0.05.

For the DMFT/dft index, stepwise regression identified time since treatment
completion as the sole independent predictor (Table 6). The model was
statistically significant (F = 10.096; p = 0.003) and explained 19.7% of the
variance (adjusted R? = 0.197). A longer time since treatment completion
(late group) was associated with significantly lower DMFT/dft scores than the
early group (B = —4.522; 95% CI: —8.160 to —0.756; p = 0.003).

Table 6. Stepwise linear regression analysis for DMFT/dft score

Variable B 95% CI p-
value
Time since treatment _ -3.160 to *
completion (late vs early) 4.522 | —-0.756 0.003

Model summary: Adjusted R = 0.197. F = 10.096, p = 0.003. Stepwise
selection method employed. CI: coniidence interval. *p < 0.05.

Discussion

This study provides a comprehensive characterization of oral health status in
ALL survivors during the 24-60 month post-treatment period, revealing a
substantial prevaience of dental developmental anomalies and identifying
notable differences in oral health parameters between early- and late-
survivor subgroups, with several parameters showing statistically significant
variation according to time since treatment completion.

The dental anomaly prevalence of 84.2% in our study sample substantially
exceeds the 46-62% range reported in previous systematic reviews and meta-
analyses [8, 9]. This elevated rate may reflect several factors, including the
comprehensive radiographic assessment methodology employed, the
relatively young age at treatment initiation in our study population, and the
specific chemotherapeutic regimens utilized. Notably, the median age at
diagnosis in our study sample was 3.5 years (IQR: 2-5), with 76.3% of
participants (n = 29) having received antineoplastic treatment at or before
the age of 5 years — precisely the period identified as conferring the highest
risk of odontogenic disruption due to coincidence with the active
mineralization phase of the permanent dentition [12, 13]. The age range at
diagnosis extended from 11 months to 11 years, and no participant was
treated after the age of 11 years, confirming that all participants were



exposed to antineoplastic agents during a recognized window of dental
vulnerability [24]. These characteristics of our study sample likely account,
at least in part, for the high prevalence of dental developmental anomalies
observed. Microdontia emerged as the predominant anomaly (37.7%),
consistent with findings from Boutin et al. [28], Kaste et al. [29], and Kiling
et al. [30], who similarly identified crown size abnormalities as the most
frequent chemotherapy-induced dental developmental disturbance. The
pathophysiological basis involves cytotoxic interference with the function of
ameloblasts and odontoblasts during the critical mineralization window [10,
11].

Importantly, the primary hypothesis of this study concerns the effect of time
elapsed since treatment completion on salivary function and caries
experience — outcomes that follow a post-treatment recovery trajectory —
rather than the prevalence of developmental anomalies, which is determined
by age at treatment. As all participants were treated well within the window
of dental development and maturation, the concern that some survivors might
have been treated outside this window does not apply to the present sample
and does not affect the interpretation of either outcome.

Notably, our survivors demonstrated salivary parameters and caries indices
comparable to those of healthy controls when analyzed as a single group. This
finding contrasts with some previous reporis suggesting persistent salivary
dysfunction in cancer survivors [18, 21] but aligns with studies suggesting
potential differences in salivary function according to time since treatment
completion [32]. However, the subgroup analysis revealed a more nuanced
picture: early survivors (24-36 months post-treatment) exhibited significantly
lower salivary flow rates than late survivors and controls, suggesting ongoing
salivary gland recovery during this period. The lower salivary flow rates
observed in early survivors likely reflect incomplete recovery of salivary
gland function following antineoplastic treatment. Chemotherapeutic agents
exert cytotoxic effects on rapidly proliferating salivary gland acinar cells,
leading to a transient, and sometimes prolonged, reduction in secretory
capacity. The observation that late survivors showed salivary flow rates
comparable to those of controls suggests that salivary gland function
recovers gradually over time, a process that appears to extend beyond the
first 24-36 months following treatment completion.

These survivorship-period findings are best interpreted in the context of the
dynamic salivary changes that occur during active antineoplastic therapy.
Studies evaluating children during chemotherapy for ALL have documented
acute suppression of salivary function: a significant decline in unstimulated
salivary flow rate has been reported by the end of the induction phase, with
salivary flow, pH, and buffering capacity each positively correlated with
absolute neutrophil counts, indicating a concurrent compromise of local oral
defense [33]. Reduced salivary flow rate and pH during treatment have
likewise been described in leukemic children relative to healthy siblings [34].



Importantly, these effects appear largely transient: although children treated
for ALL exhibit lower mean salivary flow than matched controls, the salivary
gland alterations occurring during treatment do not appear to impair flow
permanently [35]. Our data extend these observations into the survivorship
period, demonstrating that salivary flow rates among early survivors
remained below those of late survivors and controls, whereas late survivors
achieved values comparable to controls. Taken together, these findings are
consistent with a trajectory of acute intra-treatment salivary suppression
followed by gradual post-treatment recovery that may continue beyond the
first 24-36 months after treatment completion.

The significantly elevated caries indices in early survivors compared with late
survivors represent a key clinical finding. Both ICDAS mean scores and
DMFT/dft indices demonstrated this temporal pattern, and multivariable
regression confirmed that time since treatment completion was an
independent predictor of caries outcomes, even after adjustment for age, sex,
salivary parameters, radiotherapy history, and dental anomalies.
Importantly, oral hygiene status (OHI-S) did not differ significantly between
survivors and controls or across the early-, late-survivor, and control groups,
indicating that the elevated caries indices among early survivors are unlikely
to be attributable to differences in oral hygiene and more plausibly reflect
salivary dysfunction and treatment-related factors. These results corroborate
findings from the Dutch Childhood Cancer Survivor Study (DCCSS LATER 2),
which documented more favorable oral health profiles among survivors
evaluated at longer intervals following treatment completion [36]. The
temporal improvement in oral health parameters observed between early and
late survivors is biologically plausible: as salivary gland acinar cells undergo
progressive functiona! recovery, restored salivary flow enhances oral
clearance, buffering capacity, and antimicrobial defense, thereby reducing
caries susceptibility over time. Longitudinal studies are warranted to confirm
this recovery trajectory and to establish evidence-based timing
recommendations for preventive dental care in childhood ALL survivors.

The observation of differences between survivors evaluated before and after
36 months post-treatment raises the hypothesis that this period may be
associated with changes in oral health vulnerability, rather than defining a
definitive biological threshold. It is important to clarify that dental
developmental anomalies represent a direct, largely time-independent
consequence of antineoplastic treatment, with their prevalence more
strongly associated with age at treatment initiation than with time elapsed
since treatment completion. By contrast, salivary gland function and its
downstream effects on caries susceptibility appear to follow a time-
dependent recovery trajectory. Current Children’s Oncology Group
guidelines recommend a dental evaluation at baseline and every 6 months
thereafter [6], but do not provide specific guidance on stratifying surveillance
intensity. Our data suggest that salivary gland function may remain
compromised during the early post-treatment period, with gradual recovery



observed over time. Intensified preventive dental care — including salivary
assessment, fluoride application, and dietary counseling [37] — is therefore
recommended during the first 24-36 months following treatment completion,
while standard risk-based protocols may be appropriate thereafter.

The presence of dental anomalies did not emerge as an independent predictor
of caries outcomes in multivariable analysis, a finding that may reflect the
dominant influence of salivary dysfunction and time since treatment
completion on caries risk in this population.

Radiotherapy status did not emerge as a significant determinant of oral
health outcomes in our analysis. While no statistically significant association
was observed between radiotherapy and oral health outcomes in this study,
the limited number of irradiated participants (n = 6) likely resulted in
insufficient statistical power to detect potential differences, and a definitive
conclusion regarding the absence of a biological effect cannot be drawn.
These findings should be interpreted in light of important distinctions
between craniospinal and head-and-neck radiotherapy. Craniospinal
irradiation targets the neuraxis rather than orofacial structures, resulting in
substantially lower incidental doses to the salivary glands and dentition
compared with therapeutic head-and-neck radiotherapy. Direct comparisons
with studies evaluating populations treated with head-and-neck irradiation
are therefore not appropriate. Within the context of prophylactic craniospinal
protocols, our data suggest that low-dose cranial irradiation (12-18 Gy) may
exert subtler oral effects that are not detectable in studies with small
irradiated subgroups, underscoring the need for larger studies with detailed
dosimetric analyses targeting orofacial structures specifically [42, 43].

Strengths and Limitations

This study has several notable strengths. The sibling-controlled design
represents a key methodological strength, providing rigorous control for
multiple sources of confounding that are particularly relevant in oral health
research. First, dental developmental anomalies are known to have a
heritable component, and genetic susceptibility to odontogenic abnormalities
may vary between unrelated individuals; the use of biological siblings as
controls effectively neutralizes this potential confounding factor [12, 13].
Second, siblings share the same household environment, socioeconomic
background, dietary habits, oral hygiene practices, and access to dental care
— factors that are known determinants of caries experience and oral health
behavior. This design therefore enables a more precise estimation of the
treatment-specific contribution to observed oral health differences than
would be possible with unrelated controls. A further methodological strength
is the application of the ICDAS II system, which enables detection of early
non-cavitated lesions and provides a more sensitive evaluation of caries
burden than traditional DMFT/dft indices alone [25, 38, 39, 40, 41]. The dual
assessment approach — combining ICDAS II, DMFT/dft indices, objective
salivary measurements, and panoramic radiographic evaluation — provides a



comprehensive characterization of oral health that is more sensitive than
earlier studies that relied predominantly on traditional caries indices [35].

Several limitations should be acknowledged. The cross-sectional design
precludes establishing causal relationships and does not capture longitudinal
changes within individual patients. The relatively small sample size, although
adequate for primary comparisons, limited statistical power for subgroup
analyses, particularly the radiotherapy comparison. The selection of sibling
controls, while providing excellent matching for genetic and environmental
factors, may not accurately represent the general population. The use of
current age rather than age at diagnosis as an inclusion criterion is
acknowledged as a limitation, although the age-at-diagnosis distribution in
this sample confirms that all participants were treated within the window of
dental development. Behavioral and dietary determinants of caries — such as
toothbrushing frequency, fluoride use, dietary habits, and prior dental
attendance — were not recorded through a structured history; oral hygiene
was instead evaluated objectively using the OHI-S, and the absence of self-
reported behavioral data is acknowledged as a limitation. Furthermore,
assessor blinding was not possible due to the sibling-controlled design, as
participants from the same family attended clinical examinations together,
which may have introduced observation bias. Finally, the single-center design
may limit generalizability to populations receiving different treatment
protocols.

Future research directions should include prospective longitudinal studies
tracking oral health trajectories from treatment completion through extended
survivorship, validation of the 36-month threshold in larger multicenter
cohorts, and investigation of targeted preventive interventions during the
high-risk early survivor period.

Conclusion

This study demonstrates a substantial prevalence of dental developmental
anomalies among childhood acute lymphoblastic leukemia survivors and
identifies meaningful differences in oral health parameters according to time
since treatment completion. Survivors evaluated within the first 24-36
months after treatment exhibited lower salivary flow rates and higher caries
indices than those assessed later, suggesting a tendency toward more
favorable oral health outcomes with increasing time since treatment. These
findings indicate that salivary gland function may remain compromised
during the early post-treatment period, with gradual recovery over time;
therefore, intensified preventive dental care is recommended during the first
24-36 months following treatment completion. Time since treatment
completion emerged as an independent predictor of caries outcomes,
underscoring its potential to inform risk-adapted follow-up approaches in
survivorship care. Overall, the results underscore the importance of close and



sustained collaboration between pediatric oncology and dental care teams to
support long-term oral health in this growing survivor population.
Figure legends

Figure 1. Panoramic radiograph of a childhood acute lymphoblastic leukemia
survivor showing microdontia of multiple permanent teeth, dental agenesis
of the mandibular second permanent premolars, and root malformations of
the mandibular incisors.

Figure 2. Panoramic radiograph of a childhood acute lymphoblastic leukemia
survivor showing generalized root malformations and dental agenesis of the
bilateral mandibular second permanent molars.
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