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A B S T R A C T   

Objectives: In 1990, Ho Chi Minh City started Community water fluoridation (CWF) at 0.7 ppm F, 
and in 2000, it was adjusted to 0.5 ppm F. Here, we analyzed dental caries and fluorosis data in 
Ho Chi Minh City to explore commonalities associated with CWF among 12-year-old children. 
Methods: Dental caries and fluorosis data were collected in 1989, 2003, 2012, and 2019 (N =
4773). Trained dentists scored dental caries using the WHO detection criteria and fluorosis using 
Dean’s Fluorosis Index. We used these data and the k-prototypes method by the R package to 
identify clusters of participants with shared clinical and water fluoride levels. 
Results: We used datasets 1 (4773 participants) and 2 (4194 participants, missing fluorosis data in 
1989). K-prototypes analysis identified three clusters in each dataset. Cluster 1, with 80 % of the 
sample at 0.5 ppm F area characterized by low caries and fluorosis scores. Cluster 2 with 60 % of 
the sample non-fluoridated area had high caries and low fluorosis scores. Cluster 3, with 75 % of 
the sample in 0.7 ppm area, had low caries but borderline high fluorosis scores. 
Conclusion: Identifying three clusters based on clinical and environmental scores supports the 
decision to fluoridate the water to prevent caries (0–0.7 ppm) and the shift from 0.7 to 0.5 ppm to 
keep the caries preventive effect while reducing the risk of fluorosis. 
Clinical significance: Our results support the effectiveness of CWF in preventing dental caries and 
the appropriateness of changing the F concentration to reduce the risk of fluorosis while main-
taining its effectiveness.   

1. Introduction 

Ho Chi Minh City (HCMC) is on the northern edge of the Mekong Delta in Southern Vietnam. The Saigon River crosses the city and is 
the primary source of drinking water. The city has a tropical climate, hot and humid, year-round. HCMC spreads over 2090 km2 and is 
divided into 24 districts. With over nine million people, HCMC is Vietnam’s largest city and Southeast Asia’s major commercial, 
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tourist, cultural, and scientific hub [1,2]. 
The 1999 National Oral Health Survey [2] reported that 84% of 12-year-old children in HCMC had dental caries or its sequelae. The 

mean DMFT was 3.4, despite school-based interventions (oral hygiene instruction with fluoride toothpaste). The need for more 
effective programs for caries prevention led the City to consider two complementary approaches: 1) to expand the school-based oral 
care programs which started in the early 1980s to all kindergartens and primary schools in HCMC, and 2) to implement a community 
water fluoridation program as recommended by WHO experts and local oral health authorities. Community Water Fluoridation in 
HCMC started in early 1990 [3–7]. 

HCMC’s municipal water supply does not cover all districts; thus, the city is divided into two distinct fluoridated and non- 
fluoridated areas (Fig. 1). According to the HCMC Centers for Disease Control Agency report, between 1990 and 2000, the average 
fluoride concentration in tap water in the fluoridated districts was 0.7 ppm F, and in the non-fluoridated areas (well water) was below 
0.1 ppm F [8,9]. In June 2000, the People’s Committee of HCMC adjusted the fluoride concentration in tap water to 0.5 ppm F [10]. 

Cluster analysis identifies groups of individuals sharing common values from a set of parameters, thus providing an ecological view 
of the data [11]. Cluster analysis identifies meaningful conglomerates of people with similar epidemiological profiles [12]. Often, 
cluster analysis is used with quantitative data. In this study, we applied the k-prototypes method in the R statistical package to analyze 
mixed-type data, including numeric variables (DMFT index) and categorical variables (fluoride concentration, Dean’s index, sex, year), 
in their association with diagnosis variables (dental caries and enamel fluorosis). In this study, we explored cohorts of 12-year-old 
children during 30 years of CWF in HCMC, Vietnam, identified by fluoride exposure and sociodemographic variables. 

Since 1990, numerous local studies have reported the CWF’s effectiveness in preventing and controlling dental caries and moni-
toring dental fluorosis [13]. After 30 years of implementation, the opportunity presented to evaluate the changes in fluoride dosage on 
program effectiveness and risk of fluorosis using contemporary methodological approaches. 

2. Materials and methods 

2.1. Working data preparation 

Data were collated from oral examinations of 12-year-individuals residing in Ho Chi Ming City, Vietnam, who participated in 1989, 
2003, 2012, and 2019 oral health surveys and corresponding to some of the following historical events.  

• 1989 Pre-fluoridation baseline data.  
• 1990 Initiation of CWF with a fluoride concentration of 0.7. No data.  
• 2000 Adjustment of fluoride concentration to 0.5 ppm. No data.  
• 2003 Survey. Twelve-year-old children were exposed to CWF at 0.7 ppm during their lifetime.  
• 2012 Survey. Twelve-year-old children were exposed to CWF at 0.5 ppm during their lifetime, first cohort.  
• 2019 Survey. Twelve-year-old children were exposed to CWF at 0.5 ppm during their lifetime, second cohort. 

The Odonto-Maxillo-Facial Hospital’s Ethics Board approved the study (No. 542/BVRHM, 16 Nov 2017). All participants provided 
signed consent forms. 

Each survey collected sociodemographic characteristics, e.g., sex and normative data for dental caries and fluorosis. All surveys 
used the WHO detection criteria to measure cavitated caries lesions at the tooth (suffix T) and surface (suffix S) level, from which we 
calculated the number of decayed (D), missing (M), and filled (F) teeth or surfaces. 

Fig. 1. Diagram of 30 years of water fluoridation in Ho Chi Minh City. Baseline data were collected in 1989. CWF started in 1990 at 0.7 ppm F, then 
reduced to 0.5 ppm F in 2000. Subsequent data on dental caries and fluorosis were collected in 2003, 2012, and 2019. 
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Dental fluorosis was estimated with the Dean’s Fluorosis Index (DFI). Dean’s criteria were applied to all the teeth using the rec-
ommended six-level scale: unaffected (0), questionable (0.5), very mild (1), mild (2), moderate (3), and severe (4) [14]. Examiners 
used natural but not direct light. Per Dean’s recommendation, we determined the degree of fluorosis severity based on the two teeth 
showing the most advanced signs of fluorosis [14]. Also, following Dean’s recommendations, we estimated population prevalence by 
including children with scores “very mild” or higher [14,15]. We used the Community Fluorosis Index (CFI) to measure whether 
fluorosis levels were of public health importance. 

The working datasets had drinking water fluoride concentrations from the HCMC CDC reports in 1990, 2000, 2003, 2012, and 
2019. The same selection criteria, sampling methods, and the WHO Oral Health Surveys Basic Methods were used in all surveys. At 
least one investigator participated in all surveys to maintain integrity in detection criteria. Trained and standardized examiners 
collected all dental caries and fluorosis data. The 2003 and 2012 surveys included the same examiners. Furthermore, the primary 
examiner in 2003 and 2012 was the standard examiner for the 2019 survey [16,17]. 

2.1.1. Demographic comparison 
The Chi-Square test was used to compare the educational levels of each parent across three categories: completion of primary 

school, completion of secondary school, and completion of high school, for each survey. 

2.1.1.1. Dataset preparation. Two working datasets were prepared: Dataset 1 for dental caries analysis included 4773 participants with 
data from 1989, 2003, 2012, and 2019 surveys (Fig. S1A). Dataset 2 for dental caries and fluorosis analysis included 4194 individuals 
from 2003, 2012, and 2019 (Fig. S1A). Dataset 2 did not include 1989 data because dental fluorosis was not assessed in that survey. 

We used dichotomous outcomes (true/false) for dental caries and fluorosis to evaluate the clusters. Boxplots, bar plots, mosaic 
plots, and flow diagrams were used for illustration using ggplot 2 (v3.3) and ggalluvial (v0.12) in the R statistical package. Log10- 
transformation and scaling were applied to all numeric variables. The variables included in Dataset 1 were DS, DMFS, DT, DMFT, 
gender, fluoride concentration (0, 0.5, and 0.7 ppm), and survey year. The variables included in Dataset 2 were DS, DMFS, DT, DMFT, 
gender, fluoride concentration (0, 0.5, and 0.7 ppm), survey year, and Dean’s Fluorosis Index (normal, questionable, very mild, mild, 
moderate, and severe). 

2.2. Cluster analysis 

We used the mixed variable-type data clustering procedure (ClustMixType v2.0) in the R statistical package (v4.1, RStudio Inc, 
USA) [18] for cluster analysis. ClustMixType uses the “k-prototypes partitioning clustering” algorithm by Zhexue Huang [19], which 
applies a simple matching dissimilarity measure to deal with categorical objects, replaces the means of clusters with modes, and uses a 
frequency-based method to update ways in the clustering process to minimize the clustering cost function. Also, we calculated the 
Silhouette index to compute and narrow the optimal number of clusters based on k-prototypes [20]. Its application requires the 
specification of two hyperparameters: the number of clusters k and a second parameter λ that controls the interplay of the different 
data types for distance computation. The squared Euclidean distance defined the dissimilarity measure of numeric features [19]. 
Continuous data should be scaled using the Euclidean distance, such as in K-prototypes. We applied transformed and scaled continuous 
data as input [21]. Outliers were identified by Euclidean distance in which the darkest colored areas correspond to candidates who can 
be considered outliers. We assigned a certain proportion of cases with the highest distance (5 %), we then isolated these individuals 
from the population. The outliers were <0.5 %; hence, we did not exclude them. 

The k-proto function of the ClustMixType package was applied to compute k-prototypes clustering with k from 1 to 10. In k- 
prototypes, through probing many values of the number of clusters from 2 to 5 based on the appropriateness of the data and cluster 
distribution. In our study, we chose k = 3. The k-prototypes algorithm is a partition clustering algorithm that uses input: initial data set 
X and number of clusters k; output: k-sample objects such that the standard function reaches the minimum value. First, to initialize k- 
sample objects for X, each object acts as the representative center of each cluster. Secondly, distribute each object in X to each cluster so 
that they are closest to the sample object in the cluster, and update the sample object for each cluster. After all the objects have been 
distributed to the clusters, check the similarity of the objects in each cluster with the sample objects. If there is a sample object that is 
most similar it different from the sample object in the current cluster, move this considered object to the cluster corresponding to the 
closest sample object and simultaneously update the sample objects for these clusters. Finally, repeat until no objects change after 
checking all objects. This checking process is repeated until we reach a state where all objects have been assigned to their appropriate 
cluster. 

The clustering results were interpreted using clinical and diagnosis variables (Figs. S1D, E, S2D, E). In Dataset 2, we also calculated 
the Community Fluorosis Index (CFI). For that purpose, we used standard CFI weights (0–4) and cut-off points to assess public health 
significance according to Dean’s recommendations (negative = CFI<0.4 borderline = 0.4–0.6, slight = 0.6–1.0 is slight, medium =
1.0–2.0, market = 2.0–3.0, and very marked = 3.0–4.0) [22]. 

We used alluvial diagrams to visualize the groups and clusters. Alluvial diagrams are a type of flow diagram developed to represent 
changes in network structure [23]. These diagrams can show differences in group composition between conditions, including sta-
tistical information, especially the frequency distribution of numeric or categorical variables in absolute values or percentages. 
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3. Results 

3.1. Demographic comparison 

Because we used data from different historical times, secular changes are a potential source of bias. The only demographic variable 
available for such comparison across all surveys was parents’ education level. Thus, we compared the available three-level education 
of each parent (completed primary school, completed secondary school, and completed High school) in each survey. We found no 
statistically significant differences in the father’s and mother’s level of education between fluoridated and non-fluoridated in each 
survey. However, the proportion of higher-education parents increased with time. 

3.2. K-prototypes cluster analysis identified three clusters for dental caries in dataset 1 

The distribution of dental caries indices by dental caries (true/false) and fluoride concentration (0, 0.5, and 0.7 ppm) are shown in 
Fig. 2A and B. As expected, children living in non-fluoridated areas had higher DMFS, DS, DMFT, and DT scores. In contrast, children in 
districts exposed to 0.5 and 0.7 ppm F in drinking water had lower disease scores. Scores at 0.5 and 0.7 ppm F concentrations were 
similar (Fig. 2B). 

The algorithm identified three clusters in Dataset 1. Clusters 1 and 2 had low DMFS, DS, DMFT, and DT scores in contrast with 
Cluster 3, with high dental caries scores (Fig. 2C). Furthermore, while all children in Cluster 3 had dental caries, most caries-free 
children (>75 %) were in Cluster 1; Cluster 2 was in between (Fig. 2D). We added detailed prototypes for each cluster in Figs. S1B 
and C. Regarding fluoride concentration, around 80 % of children in Cluster 1 lived in Districts with 0.5 ppm F. Approximately 75 % of 
children in Cluster 2 lived in Districts with 0.7 ppm F. Sixty percent of children in Cluster 3 lived in no-fluoridated Districts (Fig. 2D). 
From a different point of view, 75 % of children in Cluster 1 lived in Districts with 0.7 ppm, and 60 % of children in Cluster 3 lived in 
non-fluoridated Districts (Fig. 2E). 

Alluvial diagrams showed the same characteristics for the three clusters (Fig. 3). By fluoride concentration, most children from non- 
fluoridated areas had dental caries. In contrast, children from 0.5 to 0.7 ppm F areas did not (Fig. 3A and B). Cluster 1 consisted of 80 % 

Fig. 2. Data exploration and clustering results for dental caries in dataset 1. A) DMFS, DMFT, DS, DT index distributions of caries (true) and caries- 
free (false) children. B) DMFS, DMFT, DS, DT index distributions of 0, 0.5, and 0.7 ppm F area subjects. C) DMFS, DMFT, DS, and DT index dis-
tributions of 3 clusters. D) Caries diagnosis, fluoride concentration, gender, and year ratio of 3 clusters. E) Cluster distribution of categorical 
variables (caries diagnosis: caries/true and caries-free/false, fluoride concentration, gender, and year of data collection). 
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0.5 ppm F and caries-free subjects. Cluster 2 consisted of 75 % 0.7 ppm F and caries-free subjects. Cluster 3 consisted of 60 % fluoride- 
free and participants with dental caries (Fig. 3C and D). It is worth noticing that children living in fluoridation areas (0.5 and 0.7 ppm 
F) had a similar percentage of children with no dental caries or sequelae (Fig. 3D). These children were in Clusters 1 and 2, 
respectively. 

Overall, cluster 1 had low DMFS, DS, DMFT, and DT indices, high caries-free prevalence, and almost all participants lived in a 0.5 
ppm F area in 2012. Cluster 2 had low DMFS, DS, DMFT, and DT indices, high caries-free prevalence, and almost all participants lived 
in a 0.7 ppm F area in 2003. Cluster 3 had high DMFS, DS, DMFT, and DT indices, low caries-free prevalence, and almost all par-
ticipants lived in a non-fluoridated area at all times. Notably, 0.5 and 0.7 ppm F areas (mostly in Clusters 1 and 2) had the same effect 
on caries-free outcomes. In summary, Cluster 1 was characterized by caries-free children living in a 0.5 ppm F area. Cluster 2 was also 
characterized by caries-free children who lived in a 0.7 ppm area. Cluster 3 included children with dental caries who lived in non- 
fluoridated areas. 

3.3. K-prototypes cluster analysis identified three clusters for dental fluorosis in dataset 2 

Fig. 4A–S2A, B, and C show the distribution of indices on dental caries and fluorosis for Dataset 2. 
The algorithm identified three clusters in Dataset 2. Dataset 2 had 479 fewer observations than Dataset 1. We repeated the cluster 

analysis for dental caries and found no difference from the values reported in the previous section (Fig. 4). We included categorical 
variables (Dean’s index, fluoride concentration, gender, year) and diagnosis variables (caries, fluorosis) in Fig. 4C and D. Cluster 1 
showed the lowest fluorosis prevalence (20 % in the cluster had very mild or more dental fluorosis), followed by Cluster 2 (25 %) and 
Cluster 3 (30 %). Dean’s index distribution also showed that most children in Cluster 1 had no fluorosis, while Cluster 3 had the highest 
moderate values (about 6 %). Cluster 2 included participants with no and very mild DFI scores. Consistently, 50 % of children in Cluster 
1 lived in non-fluoridated districts; 85 % of participants in Cluster 2 lived in Districts with 0.5 ppm F; and 80 % of participants in 
Cluster 3 lived in Districts with 0.7 ppm F in the drinking water. 

Alluvial diagrams also expressed the same characteristics of the three clusters (Fig. 5A and B). Children from 0 ppm F areas had 
dental caries and were fluorosis-free, while children from 0.5 to 0.7 ppm F areas did not (Fig. 5A and B). Cluster 1 contained >50 % of 
0 ppm F, caries, and fluorosis-free subjects (Figs. S2F and G). Cluster 2 comprised 0.5 ppm F, caries-free, and fluorosis-free subjects (60 
%). Cluster 3 comprised less than 40 % of 0.5 ppm F, caries-free, and fluorosis-free subjects. 

The Community Fluorosis Index (CFI) for Clusters 1, 2, and 3 were 0.29, 0.33, and 0.54, respectively. Thus, based on the Dean’s 

Fig. 3. Alluvial diagrams of fluoride concentration and clusters for dental of caries in dataset 1. A) Fluoride concentration distribution by caries 
diagnosis: caries/true and caries-free/false (presented as the absolute number of subjects). B) Fluoride concentration distribution by caries diag-
nosis: caries/true and caries-free/false (presented as percentage). C) Cluster distribution by fluoride concentration and caries diagnosis: caries/true 
and caries-free/false (presented as the absolute number of subjects). B) Cluster distribution by fluoride concentration and caries diagnosis: caries/ 
true and caries-free/false (presented as a percentage). 
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criteria, the CFI in Cluster 3 (0.4–0.6) was of borderline public health importance. 
In summary, we identified three clusters. One cluster included children living in non-fluoridated areas, having higher levels of 

dental caries and lower fluorosis prevalence and severity. A contrasting cluster included children living in Districts with 0.5 ppm F 
areas, having lower levels of dental caries and levels of dental fluorosis that are not of public health significance according to Dean’s 
criteria. Finally, a third cluster, included children living in Districts with 0.7 ppm F, also showed lower levels of dental caries than the 
first cluster but with levels of fluorosis that were of borderline public health significance. 

4. Discussion 

The water fluoridation program in HCMC started in January 1990 [3–7]. However, seven out of 17 districts cannot access the public 
water system (Fig. 1). We labeled these districts as non-fluoridated even though there may be a halo effect when their residents 
consumed goods manufactured in fluoridated areas. 

Since its inception, the program has been monitored for dental caries and fluorosis using the non-fluoridated areas as control. As 
part of the monitoring, a high prevalence of dental fluorosis was reported among 8-year-old children living in fluoridated areas in 1998 
[17]. Consequently, in 2000, the local health authorities decided to lower the F recommended levels to 0.5 ppm F. Hong Kong used the 
same justification to reduce the original 1 ppm F to 0.7 and then to 0.5 ppm [8,9]. When considering the risks and benefits, water 
fluoridation is a suitable community-based approach for delivering fluoride because it is effective (benefits), and the main side effect 
(risk) at the recommended concentrations is dental fluorosis in its milder forms. Also, water fluoridation benefits the entire community 
regardless of socioeconomic status. Community water fluoridation is an effective dental public health intervention [24] and has been 
identified by the U.S. CDC as one of the ten most successful public health interventions of the 20th century [25]. 

Our analysis identified three clusters in dental caries and fluorosis. One cluster had a high prevalence and severity of dental caries 
while low in similar measures of dental fluorosis. The participants in this cluster live in non-fluoridated Districts. Another cluster had a 
lower prevalence and severity of dental caries and a higher prevalence of dental fluorosis but of no public health concern. These 
participants consumed drinking water at 0.5 ppm F. The third cluster also had a lower prevalence and severity of dental caries, but the 
prevalence and severity of dental fluorosis were higher and at borderline public health concern levels. These children consumed 
drinking water at 0.7 ppm F. The contrast of clusters 2 and 3 suggests that the preventive effect on dental caries was maintained after 

Fig. 4. Data exploration and clustering results for dental fluorosis in dataset 2. A) DMFS, DMFT, DS, DT index distributions of 0, 0.5, and 0.7 ppm F 
area subjects. B) DMFS, DMFT, DS, and DT index distributions of 3 clusters. C) Caries diagnosis: caries/true and caries-free/false, fluorosis diagnosis, 
Dean’s index, fluoride concentration, gender, and year distributions of 3 clusters. D) Cluster distribution of categorical variables (caries diagnosis: 
caries/true and caries-free/false, fluorosis diagnosis, Dean’s index, fluoride concentration, gender, and year of data collection). 
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reducing the fluoride concentration from 0.7 ppm F to 0.5 ppm F while keeping the risk of dental fluorosis below public health 
concerns. Thus, our results confirm the effectiveness of the CWF program that started in 1990 and support the decision to reduce the 
recommendation to 0.5 ppm to reduce the risk of fluorosis. Furthermore, our results support the expansion of CWF into other Vietnam 
areas with comparable water systems [26,27]. 

Methodologically, our study was a cluster analysis that included categorical and numeric variables. Thus, our choice for the k- 
prototypes algorithm is an approach suitable for chronic diseases like dental caries. 

Our working datasets combined different 12-year-old cohorts over 30 years. These cohorts have various and not necessarily similar 
live-course events during their formative years, which may affect our results. Indeed, the HMCM City population changed demo-
graphically and economically from 1989 to 2019. For example, the population increased from 3988 million to 8993 million, and the 
median income rose to 6417 USD. Dental caries has strong sociodemographic and commercial determinants [28–31], which may have 
contributed to changes in dental caries in the same 30 years. On the other hand, water fluoridation levels and fluoridation areas were 
very consistent during the same period. Unfortunately, we cannot assess these secular effects in our study because the study design in 
1989 did not include parameters to control for these effects on a long-term basis, and the statistical methodology we used in our 
research was unavailable. 

Our study has the following limitations. First, we focused on 12-year-old children, which may limit the generalizability of the 
findings to other age groups. However, 12-old-year children are a WHO age indicator [15]. In addition, we cannot assure that all 
12-year-old participants in each cluster lived in the same place during their lifespan because residential history was not included in the 
survey study designs. The fluoride concentration was allocated to all participants in the same fluoridated group and assumed to be 
constant with continued use of tap water, which may not be the case. However, this limitation applies to all community fluoridation 
studies. 

Another limitation resides in the k-prototype approach, which requires a priori knowledge of the datasets, and the number of 
clusters is unknown [19]. Also, it is difficult to determine the key variables affecting clustering. 

Our study has the following strengths: first, we studied CWF over 30 years in one analytical approach instead of multiple cross- 
sectional evaluations. Thus, it supplements the published information regarding CWF effectiveness in HCMC and provides insights 
into temporal changes. Second, it included a large sample of 4773 12-year-old children, increasing the statistical power and enhancing 
the reliability of the findings. Third, we used a novel methodological approach to understand the associations between variables and 
outcome measures comprehensively. Fourth, we relied on systematically collected dental caries and fluorosis data at four landmark 
moments in HCMC CWF history. 

Fig. 5. Alluvial diagrams of fluoride concentration and clusters for dental caries in dataset 2. A) Fluoride concentration distribution by caries and 
fluorosis diagnosis (presented as an absolute number of subjects). B) Fluoride concentration distribution by caries and fluorosis diagnosis (presented 
as a percentage). C) Cluster distribution by fluoride concentration, caries diagnosis: caries/true and caries-free/false, and CFI significance (presented 
as an absolute number of subjects). B) Cluster distribution by fluoride concentration, caries diagnosis: caries/true and caries-free/false, and CFI 
significance (presented as percentage). 
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5. Conclusion 

Mixed-type clustering analysis identified three population groups linked by dental caries and fluorosis prevalence and severity, 
water fluoridation levels, and sex for 30 years of monitoring and supports benefits and risk-controlled interventions in HCMC. Thus, 
our research builds on previous studies on the effectiveness of CWF in preventing dental caries and the appropriateness of reducing the 
recommended levels to reduce the risk of fluorosis while maintaining its effectiveness. 
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