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Abstract

Early Childhood Caries (ECC) is the most common childhood disease worldwide and a

health disparity among underserved children. ECC is preventable and reversible if detected

early. However, many children from low-income families encounter barriers to dental care.

An at-home caries detection technology could potentially improve access to dental care

regardless of patients’ economic status and address the overwhelming prevalence of ECC.

Our team has developed a smartphone application (app), AICaries, that uses artificial intelli-

gence (AI)-powered technology to detect caries using children’s teeth photos. We used

mixed methods to assess the acceptance, usability, and feasibility of the AICaries app

among underserved parent-child dyads. We conducted moderated usability testing (Step 1)

with ten parent-child dyads using "Think-aloud" methods to assess the flow and functionality

of the app and analyze the data to refine the app and procedures. Next, we conducted

unmoderated field testing (Step 2) with 32 parent-child dyads to test the app within their nat-

ural environment (home) over two weeks. We administered the System Usability Scale

(SUS) and conducted semi-structured individual interviews with parents and conducted the-

matic analyses. AICaries app received a 78.4 SUS score from the participants, indicating an

excellent acceptance. Notably, the majority (78.5%) of parent-taken photos of children’s

teeth were satisfactory in quality for detection of caries using the AI app. Parents suggested

using community health workers to provide training to parents needing assistance in taking

high quality photos of their young child’s teeth. Perceived benefits from using the AICaries

app include convenient at-home caries screening, informative on caries risk and education,

and engaging family members. Data from this study support future clinical trial that
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evaluates the real-world impact of using this innovative smartphone app on early detection

and prevention of ECC among low-income children.

Author summary

Early Childhood Caries (ECC) is the most common childhood disease worldwide and a

health disparity among underserved children. ECC is preventable and reversible if

detected early. However, many children from low-income families encounter barriers to

dental care. An at-home caries detection technology could potentially improve access to

dental care regardless of patients’ economic status and address the overwhelming preva-

lence of ECC. Our team has developed a smartphone application (app), AICaries, that

uses artificial intelligence (AI)-powered technology to detect caries using children’s teeth

photos. Using AICaries, parents can use their regular smartphones to take photos of their

children’s teeth and detect ECC aided by AICaries, enabling them to actively seek treat-

ment for their children at early and reversible stages. Using AICaries, parents can also

obtain essential knowledge on reducing their children’s caries risk. The current study eval-

uated the usability, acceptability, and feasibility of AICaries. Our study results indicated

the AICaries app is well-accepted among the participating parents.

Introduction

Early childhood caries (ECC), the single most common chronic childhood disease, dispropor-

tionately afflicts underprivileged preschool children [1,2]. The onset and progression of ECC

are “rapid,” “aggressive,” “painful,” “recurrent,” and frequently require total oral rehabilitation

under general anesthesia [3]. ECC consequences include a higher risk of new carious lesions,

increased treatment costs and time, loss of school days, diminished ability to learn, diminished

oral health-related quality of life, hospitalizations, and emergency room visits [4]. It is also a

costly disease to treat and constitutes a significant challenge for public health systems [2].

As a multifactorial disease, ECC initiates by microbial fermentation of carbohydrates in

dental plaque accumulating on tooth surfaces [5]. The persistent acidic environment in dental

plaque leads to the demineralization of tooth hard surfaces, which leads to the eventual devel-

opment of dental caries [5]. A unique characteristic of dental caries progression is the early

reversible stage, at which point decalcified white spots could be re-mineralized with adequate

measures, such as proper oral hygiene practice, change from a high sugar diet to a low sugar

diet, application of topical fluoride, etc. However, white spots and early-stage caries in early

life are often not recognized in a home environment, therefore this critical window is often

missed. A calling for at-home caries screening in children via mDentistry tools, such as smart-

phone app, is urgently needed, particularly among the population facing limited access to den-

tal care [6].

Smartphone applications (apps) have been successfully developed and utilized to assist peo-

ple in managing health behaviors and conditions [7], such as smoking cessation, weight loss,

medication adherence, and Parkinson’s diseases progression monitoring [7,8]. With 77% of

Americans owning a smartphone [9], a smartphone app represents a suitable and innovative

way of providing oral health interventions among young children and their parents. Current

oral health smartphone apps, however, are limited in scope and audience. Most are designed

for use by dental professionals to assess caries risk or trauma management, but not for the
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public, i.e., for users to assess their own risk and/or support users’ self-management of caries

risk factors. No apps to our knowledge address the needs of, low-income and minority chil-

dren who are disproportionately affected by ECC and have limited access to oral health care

[10].

Teledentistry is broadly defined by Mariño and Ghanim as “the application of a variety of

information and communications technologies (ICT) to facilitate oral health care for geo-

graphically distant patients and/or practitioners [11]. Teledentistry holds promise for

improving access to care, especially among disadvantaged children [10]. It provides remote

oral health care consultation and diagnoses dental caries through images taken by trained

professors. However, the diagnostic process of Teledentistry requires dentists to review the

photos personally. In addition, some areas lack the infrastructure to support Teledentistry.

Artificial intelligence (AI) represents an emerging adjunct to Teledentistry. Although AI is

currently used to aid imaging recognition to improve disease diagnosis in many medical

fields, including oncology, ophthalmology, radiology, etc. [12–15], AI has not been devel-

oped in dentistry for remote caries detection for underserved patients with limited access to

oral health care.

To address this gap, we have developed a patient-friendly smartphone app coupled with AI-

powered caries detection that holds promise in facilitating early clinical confirmation and

treatment of ECC [16]. In this study, we employed a community-based participatory research

strategy to test the usability of the AI-powered smartphone app, AICaries, among parents/

caregivers for dental caries detection in their children.

Materials andmethods

The AICaries app components and functional flow

Our previous collaborative work by experts in AI imaging recognition, oral health, and mobile

health (mHealth) led to the prototype of a patient-friendly smartphone app coupled with AI-

powered caries detection. This AICaries app prototype offers a) AI-powered caries detection

using photos of children’s teeth taken by the parents’ smartphones, b) interactive caries risk

assessment, and c) personalized education on reducing children’s ECC risk. Fig 1 demon-

strates the AICaries app components and app functional flow.

To promote app engagement, users start by taking images of their teeth with their smart-

phone’s camera for caries detection assessment. The photo is processed through an Image

Quality Checker that assesses the blurriness, darkness, and brightness of the image (Fig 1B).

Images that pass quality check processed to the next step, “AI-Powered caries detection”. If the

image fails the quality check, the app instructs users to retake teeth photos until satisfactory

quality is achieved. The app then generates a Caries Status Report for each tooth (Fig 1C). On

the Caries Status Report interface, users make choices for the next step, such as Assess Caries

Risk (Fig 1D) using a previously developed risk assessment system. Users receive their caries

risk as Low, Medium, or High (Fig 1E). On the Caries Status Report interface (Fig 1C), user

can choose “Reduce Risk” to access Perinatal Oral Health Education (Fig 1F) or click “Find a

dentist” for dental clinic information. The performance of AICaries in caries detection was

reported previously [17].

Overview of usability study

The research ethics application has been reviewed and approved by the University of Rochester

Research Subject Review Board (#5772, 3953, and 5949). In the current study, we tested the

usability of AICaries smartphone app in two steps. The detailed study protocol was published

previously [16]. Step 1 was the moderated usability test where participants tested the app on a
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study smartphone, with the assistance from study team; Step 2 was the unmoderated fielding

testing where AICaries was installed on participants’ smartphone and tested at-home by par-

ticipants. Step 1 refined the app based on the participant’s feedback. Step 2 used a mixed meth-

ods to obtain the feedback and assess the usability of the app component, app flow, and

whether parents can take diagnostic photos of children’s teeth on their own in their natural

environment [16]. The study flow seen Fig 2.

Study participants

A total of 37 parents and 37 children met the eligibility criteria were enrolled in the study. The

face-to-face recruitment at the following two sites: the University of Rochester Medical Center

(URMC), Eastman Institute for Oral Health (EIOH) Perinatal Dental Clinic and Highland

Family Medicine (HFM). The URMC-EIOH Perinatal Dental Clinic serves socioeconomically

disadvantaged pregnant women, women postpartum, and young children eligible for State-

supported Medicaid type of insurance. The URMC-HFM is one of the largest family medicine

residency teaching practices in Rochester, NY, providing comprehensive health care to adults

and children from birth through childhood.

Fig 1. AICaries smartphone app functional flow. A. AICaries app main page. B. To attract app use, users will start with
taking teeth photos for caries detection assessment. The teeth photo will go through an Image Quality Checker. Image that
passes quality check will get to the next step, “AI-Powered caries detection”. If the image fails the quality check, the app will
instruct users to retake teeth photos until desired quality is achieved. C. The app will then generate a Caries Status Report for
each tooth. On the Caries Status Report interface, users will make choices for the next step, such as Assess Caries Risk (D)
using a previously developed risk assessment system. Users will receive their caries risk as Low, Medium, or High (E). On the
Caries Status Report interface (C), user could also choose “Reduce Risk” to access Perinatal Oral Health Education (F) or
click “Find a dentist” for dental clinic information. Upper right corner icon links to the app main page.

https://doi.org/10.1371/journal.pdig.0000046.g001
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Ten parents-child dyads participated the step 1 moderated usability test, 32 parent-

child dyads participated Step 2 unmoderated field testing and 28 pairs completed the

study. Among the 32 dyads, 5 of them completed Step 1 test and then chose to participate

the Step 2 testing.

Eligibility criteria

The eligibility criteria were a) parents 18 years old or older, who have young children

between 1 and 5 years, b) eligible for state-supported Medicaid type of insurance (note,

we are using the insurance eligibility to select low-income participants), c) English

speaking (consent was written in English and App was in English Language), d) able to

provide signed and dated informed consent, and e) have an Android smartphone that

could install the AICaries app. Children with orofacial deformity (cleft lip, cleft palate,

oral-pharyngeal mass) or Down syndrome or other developmental disabilities were

excluded.

AICaries app task Assessment in Step 1 moderated usability test

We videotaped and immediately reviewed each session using Instant Data Analysis [18] with

attention to the photo image quality. We defined key usability tasks necessary to successfully

use the app. This included navigation of the app interface, accessing and completing the Amer-

ican Dental Association risk assessment, and notably, taking usable photographs of their

child’s front teeth using the photo-taking interface. We ranked each task as 1) critical (required

assistance to proceed), 2) severe (major delay and/or frustration), or 3) cosmetic (minor) and

annotated to the exact interface/task. Based on rankings, the team discussed changes in the

instructional video, app design, and study procedures. We iteratively incorporated changes

into subsequent testing sessions. We reached data saturation [19] (no new suggested change

were) after conducting 10 individual usability tests.

Fig 2. Study flow.

https://doi.org/10.1371/journal.pdig.0000046.g002
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Assessment in Step 2 unmoderated field testing

Unmoderated field testing allows the end-users to interact with the AICaries app in their natu-

ral environment. We used the same recruitment and eligibility criteria while recruiting parents

with a range in education, ages, and smartphone proficiency. Following informed consent,

including permission for remote monitoring of the app, the participants downloaded the AIC-

aries app to their smartphones. Over two weeks, text messages sent by the study team

reminded participants to take photos of their child’s front teeth. After two weeks, we adminis-

tered in-person evaluation of System Usability Scale (SUS) via a questionnaire. The SUS

instrument [20–22] is widely adopted in business and technology industries and mHealth

fields to measure and quantify the perception of product and service usability. It consists of a

10 item questionnaire with five response options for each item from Strongly agree to Strongly

disagree [23]. The statements relate to a range of aspects of system use, such as complexity,

ease-of-use, and learnability. Each participant’s responses are then scored, providing an overall

SUS score between 0 and 100 [24]. A SUS score above 68 indicates above-average usability; a

score above 80.3 indicates excellent usability of the AICaries app. Each participant was inter-

viewed to assess their perception of the challenges of using AICaries app, benefits, and sugges-

tions for further improvement. A semi-structured interview guide, detailed in the study

protocol [16]. Interview sessions were audio-recorded, transcribed, and analyzed qualitatively

for thematic content. A trained dentist assessed the number and quality of images taken.

Data analysis

For the qualitative data, the transcribed data for Step 1 usability test and Step 2 field testing

were coded with predetermined open codes. Thematic content was further analyzed based on

participant and team suggestions for addressing barriers to completing a key task related to the

use of the app.

For Step 2 field testing, we collected baseline demographic information and participant

prior experience with smartphone aps. SUS score stratified by gender, education level, employ-

ment status and previous experience of taking teeth photo with phone and compared between

above-mentioned categories using Mann-Whitney U test after testing the data normality. Mul-

tiple linear regression was conducted to assess the potential association of factors (gender,

race, education, previous experience of taking teeth photo) and SUS score. We further assessed

quantitative app usage metrics, i.e., time between screens, frequency of use, and numbers/qual-

ity (whether photos could be used for clinical diagnosis for dental caries) of images taken.

The diagnostic images should include all anatomic structures of the teeth of interest, not be

covered by the anatomic structure of other teeth or soft tissue tissues, such as lip or cheek. All

statistical tests were two-sided with a significant level of 5%. SPSS IBM was used for statistical

analyses.

Results

Participant’s characteristics

In step 1, we enrolled total of 10 parents who were 90% female, 20% Black or African Ameri-

can, 60%White, and 20% other or mixed races. We enrolled 32 parents in step 2. The sample

was predominantly female and racially diverse (Table 1). Significantly, over 90% of the partici-

pant parents reported prior use of medical/health related applications, whereas, none of the

participating parents reported experience of using dental care related applications. Interest-

ingly, approximately 60% of the parents reported they had previously tried taking teeth photos

with their cell phones.
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AICaries ease of use

The results of the 7 tasks we assessed in the Step 1 usability test are illustrated in Fig 3. All par-

ticipating parents (n = 10) were able to locate the app icon on the study cellphone with no chal-

lenge; 90% of them could navigate the app interface with no challenges. In the caries risk

assessment, 40% of the parents completed the risk assessment without challenges, 40% with

cosmetic challenges, and 20% with moderate challenges. For taking photos using the AICaries

app, 40% of the parents took photos of their children’s front teeth without challenges. How-

ever, parents faced more challenges when taking photos of their children’s posterior teeth;

only 20% could complete this task without challenges.

When assessing the time spent on each task (results seen Fig 3), the longest time was spent

for completing the caries risk assessment task, with a range of 3–15 minutes. All other tasks,

including taking teeth photos with the AICaries app, took less than 1 minute.

The majority (78.6%, 22/28) of the participating parents were able to obtain their children’s

teeth photos with satisfactory quality required for oral disease detection (Table 2). In the step 1

usability test, 8 out of 10 parents were able to take photos of their children’ teeth (anterior and

posterior teeth) using the App. A total of 106 photos were taken by 80% of study subjects

(n = 8) with an average of 10.6 (SD 13.3); out of the total of 106 photos, 70 photos were clear,

56 photos were suitable for caries AI assessment. Among the total 106 photos, 38 (38%) photos

were for front teeth, 23 photos were clear, and 19 photos of these clear photos considered diag-

nostic photos (82.6%). Examples of teeth photos taken by the parents are illustrated in Fig 3. In

Fig 3D and 3E, the two photos were taken by the mother of a 4-year-old child using the AIC-

aries application, with no challenges.

In the step 2 field testing, 89% of the participating parents (25 out of 28) took photos for

their children’ teeth (anterior and posterior teeth) using the AICaries App, see Table 2. A total

of 334 photos were taken by participating parents, with an average 11.9±12.0 teeth photos per

Table 1. Demographic-socioeconomic-behavior information of participants.

Step 1 moderated usability test (n = 10) Step 2 unmoderated field testing (n = 32)

Age (Year) 30±6 34±5

Gender (Female) 9 (90%) 28 (88%)

Race Black 2 (20%) 10 (31%)

White 6 (60%) 17 (53%)

Other 2 (20%) 5 (16%)

Ethnicity (Hispanic) 20% 9%

Employed 50% 69%

Marital status Married 6 (60%) 25 (78%)

Other 4 (40%) 7 (22%)

Education ≧College 3 (30%) 21 (66%)

High school 5 (50%) 9 (28%)

Middle school 2 (20%) 2 (6%)

Child daycare attendance (Yes) 2 (20%) 11 (34%)

Used medical care related app (Yes) 9 (90%) 31 (97%)

Use dental care related Apps (Yes) 0 (0%) 0 (0%)

Past experience of using cell phone to take teeth
photos (Yes)

6 (60%) 19 (59%)

Values are presented in mean (SD) and n (%).
� p<0.05

https://doi.org/10.1371/journal.pdig.0000046.t001
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parent; among these photos, 52% (174) were clear, 45% (149) were diagnostic for caries assess-

ment. Furthermore, the majority of the teeth photos taken by parents were front teeth photos

(90.7%). Worth noting, 78.6% (22/28) of the parents generated at least 1 diagnostic photo for

their children’s front teeth, and no significant differences were seen in terms of their capability

of taking diagnostic photos between step 1 and step 2 tests (p = 0.05). Fig 4 shows an example

of children’s front teeth photos taken by their parents using the AICaries app. The image on

the left is clear and diagnostic by including all anatomic structures of the upper front teeth.

Table 2. Intraoral photos taken by participants.

Step 1 moderated usability test (n = 10) Step 2 unmoderated field testing (n = 28)

All teeth photos (Front + posterior) Total photos (number) 10.6±13.3 11.9±12.0

Clear photos (number) 7.0±10.7 6.2±5.4

Diagnostic photos (number) 5.6 ± 9.1 5.3±4.7

Parents took�1 diagnostic photos 50% (5) 78.6% (22)

Front teeth photos Total photos (number) 3.8±3.2 10.8±11.8

Clear photos (number) 2.3±2.4 5.8±5.3

Diagnostic photos (number) 1.9±2.2 5.0±4.7

Parents took�1 diagnostic photos 50% (5) 78.6% (22)

Values are presented in mean (SD).
� p<0.05.

https://doi.org/10.1371/journal.pdig.0000046.t002

Fig 3. Task assessment and completion time in Step 1 moderated usability test. A total of 7 tasks was assessed. (A) All
participating parents (n = 10) located the app icon on the study cellphone with no challenge. (B) 90% of them could navigate
the app interface with no challenges. (C) In the caries risk assessment, 40% of the parents completed the risk assessment
without challenges, 40% with cosmetic challenges, and 20% with moderate challenges. (D) For taking photos using the
AICaries app, 40% of the parents took photos of their children’s front teeth without challenges. (E) Participating parents
faced more challenges when taking photos of their children’s posterior teeth; only 20% could complete this task without
challenges. Time spent on each task are shown in bar graph. In Fig 3D and 3E, the two photos (front teeth and posterior
teeth) were taken by the mother of a 4-year-old child using the AICaries application, with no challenges.

https://doi.org/10.1371/journal.pdig.0000046.g003
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The image on the right is clear but not diagnostic because the lower lip partially covers the ana-

tomic structure of the upper front teeth.

Usability of AICaries in the field

The SUS score for AICaries app had values of 78.4 ± 13.4 (mean ± SD). We found statistically

no significant differences in SUS score for gender, educational level, and employment status

(p<0.05). Interestingly, there was also no significant difference between parents who had or

Fig 4. Example of diagnostic and non-diagnostic front teeth photos taken by parents. Examples of a child’s front teeth
photo taken by their parents using the AICaries app. The image on the left is clear and diagnostic by including all anatomic
structures of the upper front teeth and had a correct diagnosis by AICaries algorithm (all upper front teeth are healthy
without tooth decay, marked with green boxes). The image on the right is clear but not diagnostic because the lower lip
partially covers the anatomic structure of the upper front teeth. Due to the incomplete tooth picture, AI algorithm did not
make correct caries screening for all upper front teeth, two healthy teeth were marked as “Early Tooth Decay” with orange
boxes.

https://doi.org/10.1371/journal.pdig.0000046.g004
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did not have previous experience in taking photos for their children’ teeth (results seen Fig 5).

The rating of individual items of SUS is shown in Fig 6. Moreover, the multiple linear regres-

sion analysis did not reveal significant association between gender, race, education, previous

experience of taking teeth photo (F-value 1.01, p = 0.42, S1 Table). The response to each the

SUS items was converted to a scale from strongly negative to strongly positive. Across the ten

items, the responses from more than 70% of the participants are positive (positive and strongly

positive), indicating the well-perceived usability of AICaries app. For example, 70% of the

Fig 5. System usability score for AICaries app (Step 2 unmoderated field testing).No significant difference were
found between male and female (A), parents who had or did not have previous experience in taking photos for their
children’ teeth (B), participants who had equal or more than college and below college education (C), and parents with
different employment status (D). n = 28.

https://doi.org/10.1371/journal.pdig.0000046.g005

Fig 6. Feedback to system usability scoring items (Step 2 unmoderated field testing). The response to each item of the
System Usability Scoring is converted to a scale from strongly negative to strongly positive. Across the ten items, the
responses frommore than 70% of the participants are positive (positive and strongly positive), indicating the well-perceived
usability of AICaries app. For example, 70% of the participants like to use the app frequently and feel confident using the app;
less than 10% of the participants feel they need technical support in order to use the app.

https://doi.org/10.1371/journal.pdig.0000046.g006
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participants like to use the app frequently and feel confident using the app; less than 10% of

the participants feel they need technical support in order to use the app.

The qualitative interviews confirmed the acceptance of AICaries by participating parents.

Selected quotes are listed in Table 3.

Benefits and Challenges of utilizing AICaries to promote oral health in
children

Fig 7 demonstrates summarized the feedback from participants in Step 2 unmoderated field

testing on the benefits perceived and challenges encountered from using the AICaries app and

the proposed solutions for solving the challenges for future users. Qualitative analysis indicated

various benefits from using the AICaries app, including detecting caries early, helping parents

or caregivers maintain and improve their children’s oral health, and encouraging children’s

engagement in oral health promotion.

Table 3. Illustrative Quotations from participants on the acceptance of AICaries.

Acceptance Illustrative Quotations

Resourceful tool for improving
oral health

“The app is very convenient to use, a lot of information regarding the risk
factors, a lot of videos, helps to improve the oral health. So, in my opinion, it’s
a really good app.”

At-home caries detection “I can use it instead of calling my dentist, it’ll tell you if there’s a cavity or
something, I really think a lot of people benefit from that.”

Tool for risk assessment and
caries prevention

“It could be a good prevention tool, especially for those who have a limited
access to dental care.”
“It is very helpful in measuring Caries risk assessment, helping in the
modification of child diet.”

Ease of use “I felt like it was very easy for parents to use and also the kids enjoyed using it
as well. So, it was something that we enjoy together.”

https://doi.org/10.1371/journal.pdig.0000046.t003

Fig 7. Challenges and Solutions perceived by AICaries app users.

https://doi.org/10.1371/journal.pdig.0000046.g007
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Perceived challenges of using the AICaries app included two main categories: 1) Taking sat-

isfactory tooth photos and 2) Improving AICaries app adoption and continued engagement

among users. Although 78% of the parents could take at least 1 diagnostic tooth photo for their

children, participants expressed their desire for better-taking photos. Several solutions were

proposed to overcome this challenge, including providing multi-media tutorials of taking

teeth photos for children using a smartphone, improving child cooperativeness by rewards

and multiple tries, engage multiple family members for photo taking. Innovative suggestions

including engaging community health workers to assist and train parents and incorporating

photo capture devices such as an intraoral camera to enhance intraoral photo taking. Proposed

solutions to promoting app engagement were using social media and online forums for pro-

moting community awareness and app engagement, sending notifications and reminders, pro-

viding feedback for oral health improvement, and providing clinic resources via connecting

patients with dental clinics for needed treatment.

Discussion

The current study evaluated the usability, acceptability, and feasibility of an innovative smart-

phone app (AICaries) to be used by parents or caregivers to monitor and improve their chil-

dren’s oral health. Our study results indicated the AICaries app is well-accepted among the

participating parents.

First, the usability of AICaries was assessed by SUS. The usability of any technical product

needs to be assessed in terms of how and for what purposes it can be used. The ISO 9241–11

Ergonomics of human-system interaction [25] provides a framework for understanding the

concept of usability, and recommends that measures of usability should include: a) effective-

ness (the ability of users to complete tasks using the tool, and the quality of the product of

these tasks), b) efficiency (the level of resource utilized in accomplishing tasks), and c) satisfac-

tion (users’ reactions to using the tool). The SUS is a reliable widely used tool to assess the

usability of technical products. A SUS score above 68 would be considered above average and

anything below 68 is below average. The participants in AICaries usability test gave an average

SUS score of 78.4, reflecting the fact that AICaries is well-accepted by parents with young chil-

dren as a tool for at-home dental caries detection, at-home caries risk assessment, and oral

health knowledge improvement.

Second, with regards to AICaries acceptability, interviews with 28 parents who participated

in the step 2 field testing indicated that the app was viewed favorably in terms of overall quality

and functionality. The overall acceptance is reflected in feedback on 3 main themes: (a) partici-

pants found the AICaries app is a resourceful tool for improving oral health. Dental caries is a

multifactorial disease, and its risk is associated with diet, oral hygiene practice, oral microbial,

and host factors. Participants expressed that AICaris empowered them for caries risk assess-

ment which could ultimately help them improve their children’s and their oral health. Nearly

all (96.4%, 27/28) participants reported that they would recommend the app to their friends

and family members.

(b) a practical tool for at-home caries detection. U.S. national surveys have shown that low-

income and minority children are disproportionately affected by ECC and experience limited

oral health care access [10,26]. US preschool children from low socioeconomic status (SES)

families are much less likely to have at least one dental visit than children from high SES fami-

lies, despite experiencing higher need [10,26]. To address these oral health disparities, we need

to make oral disease screening services easily accessible to patients regardless of social, eco-

nomic and geographic factors, such as via mHealth tools. Currently, patients can monitor their

blood pressure via at-home blood pressure devices; patients can monitor their blood glucose
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via an at-home glucose meter; patients can even monitor their heart rate and rhythm from

wearing devices such as a smartwatch [16]. In contrast, when it comes to monitoring oral

health, other than routinely visiting dental professionals, patients have no effective at-home

devices to monitor their oral health conditions [16].

AI is significantly changing healthcare services, and it makes the lives of patients and

healthcare providers easier by performing tasks in less time and less cost. For example, AI has

been used to analyze ECG, EEG, or X-ray images for disease early detection [27]. AI technol-

ogy has also been used to assist early detection of Rheumatoid Arthritis (RA) [28]. However,

modern dentistry has not employed AI imaging technology for caries detection. To our knowl-

edge, the AICaries is a novel application of using this technology in dentistry. Using AICaries,

parents can use their regular smartphones to take photos of their children’s teeth and detect

ECC aided by AICaries, enabling them to actively seek treatment for their children at early

and reversible stages.

(c) Useful educational resource for caries prevention. Current community-based caries

education utilizes a one-on-one approach. The oral health education is delivered by dental

professionals, such as dentist, hygienist, on the chairside. For families with limited access to

care, a community-centered approach that could reach each individual is needed. Using AIC-

aries, parents can also obtain essential knowledge on reducing their children’s caries risk.

Third, regarding the feasibility of AICaries, the metrics of taking photo metrics and feed-

back from the parents demonstrated the ease-of-use feature of the AICaries. Worth noting, in

Step 2 field testing, other than the visual guides on the AICaries app, study team did not pro-

vide any additional training for parents on how to use cameras and how to take children’s

teeth photos. With this condition, remarkably, 78.6% of the parents in step 2 took children’s

photos that passed quality check and were suitable for caries diagnosis by the App.

We recognize that taking a child’s photo with satisfactory quality depends on children’s age,

personality, cooperative abilities, and parents’ interest, which are the main reasons for the

remaining parents (21.4%) who could not complete this task successfully. To improve the fea-

sibility of the AICaries, parents suggested community health worker facilitated training, which

is a remarkable suggestion. Community health workers (CHWs) are mediators linking the

local health system and the community with varying degrees of integration into the national

health system [29]. Consequently, CHWs play a critical role in grassroots healthcare and are

essential for achieving the health-related Sustainable Development Goals [30]. In addition, the

CHWs have crucial roles in the qualitative assessment of the dental health aides in remote set-

tings to improve the dental care for children living in these areas. For instance, Indigenous

health workers (IHWs) have an essential role in promoting oral health during pregnancy, as

there are training programs available for non-dental health professionals to help them promote

oral health throughout the prenatal period. Also, IHWs can use available oral health screening

tools for women during the prenatal period; they have the potential to play a crucial role in

’driving’ screening and education of maternal oral health, especially when there is adequate

organizational support [31]. Involving CHWs in training parents utilizing technology devices

in caries screening would provide innovative and significant reform in community oral health

prevention and close the digital divide associated with financial status.

The following limitations need to be considered when interpreting our study results: 1) The

study was only conducted in one US city. Thus, the generalizability of our study results to

other populations is limited. 2) Only participants with Android devices were enrolled, which

might overestimate or underestimate the acceptance among other smartphone platform users.

3) Although all participating parent-child dyads were from low-income families, 66% of the

parents in step 2 unmoderated field testing had college-level education; the percentage is

higher than the average Americans whose income level is at or lower than the FPL. One reason
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is that a 36% of the participants in Step 2 were refugees or immigrants born outside of the US,

in which situation, their family income is limited despite having a higher-level education back-

ground. 4) Lack of comparison to chair-side caries diagnosis by a clinician (gold standard).

The ultimate goal of the AICaries app is to achieve at-home caries screening using teeth images

taken by the parents or caregivers. As the current study is the first step to assessing the usabil-

ity, feasibility, and acceptance, future design should incorporate testing the validity of the AIC-

aries and compare the sensitivity and specificity of the AICaries app in detecting caries to the

clinicians.

As we are continually improving the function and usability of AICaries smartphone app,

our future direction will focus on developing a strategy to encourage parents’ frequent use of

the AICaries in their natural environment, which is vital to achieving population screening for

dental caries in a young age. Moreover, future clinical trials are needed to evaluate the real-

world impact of using this innovative smartphone app on the early detection and prevention

of ECC among low-income children.

Conclusions

Using AICaries, many parents are able to use their regular smartphones to take photos of their

children’s teeth for detection of ECC aided by AICaries. Potentially, doing so will promote

pediatric dental treatment at an early and reversible stage of ECC. Using AICaries, parents can

also obtain essential knowledge on reducing their children’s caries risk. Data from this study

will support future clinical trial that evaluates the real-world impact of using this innovative

smartphone app on early detection and prevention of ECC among low-income children.

Supporting information

S1 Table. Multiple linear regression with System Usability Score as the independent vari-

ables.

(DOCX)

Acknowledgments

We gratefully thank Ms. Nour Lababede and Ms. Ayah Lababede for their artistic work on oral

health education videos in the app. We also gratefully thank Mrs. Marie Thomas for assisting

the participants’ recruitment and retention.

Author Contributions

Conceptualization: Oriana Ly-Mapes, Jiebo Luo, Tong TongWu, Timothy Dye, Sherita

Bullock, Kevin Fiscella, Jin Xiao.

Data curation: Nisreen Al-Jallad, Oriana Ly-Mapes, Peirong Hao, Jinlong Ruan, Ashwin

Ramesh, Jiebo Luo, Tong TongWu, Kevin Fiscella, Jin Xiao.

Formal analysis:Nisreen Al-Jallad, Oriana Ly-Mapes, Tong TongWu, Noha Rashwan, Johana

Ren, Jin Xiao.

Funding acquisition: Jiebo Luo, Kevin Fiscella, Jin Xiao.

Investigation: Nisreen Al-Jallad, Oriana Ly-Mapes, Peirong Hao, Jinlong Ruan, Ashwin

Ramesh, Jiebo Luo, Tong TongWu, Timothy Dye, Noha Rashwan, Johana Ren, Hoonji

Jang, Luis Mendez, Nora Alomeir, Sherita Bullock, Kevin Fiscella, Jin Xiao.

PLOS DIGITAL HEALTH AICaries smartphone application detecting dental caries at home

PLOSDigital Health | https://doi.org/10.1371/journal.pdig.0000046 June 2, 2022 14 / 16

http://journals.plos.org/digitalhealth/article/asset?unique&id=info:doi/10.1371/journal.pdig.0000046.s001
https://doi.org/10.1371/journal.pdig.0000046


Methodology: Nisreen Al-Jallad, Oriana Ly-Mapes, Peirong Hao, Jinlong Ruan, Ashwin

Ramesh, Jiebo Luo, Tong TongWu, Timothy Dye, Noha Rashwan, Johana Ren, Hoonji

Jang, Luis Mendez, Nora Alomeir, Sherita Bullock, Kevin Fiscella, Jin Xiao.

Project administration: Jiebo Luo, Kevin Fiscella, Jin Xiao.

Resources: Jiebo Luo, Kevin Fiscella, Jin Xiao.

Software: Jiebo Luo.

Supervision: Jiebo Luo, Kevin Fiscella, Jin Xiao.

Validation: Jiebo Luo, Kevin Fiscella, Jin Xiao.

Writing – original draft:Nisreen Al-Jallad, Jiebo Luo, Kevin Fiscella, Jin Xiao.

Writing – review & editing: Nisreen Al-Jallad, Oriana Ly-Mapes, Peirong Hao, Jinlong Ruan,

Ashwin Ramesh, Jiebo Luo, Tong TongWu, Timothy Dye, Noha Rashwan, Johana Ren,

Hoonji Jang, Luis Mendez, Nora Alomeir, Sherita Bullock, Kevin Fiscella, Jin Xiao.

References
1. Dye BA, Li X, Thorton-Evans G. Oral health disparities as determined by selected healthy people 2020

oral health objectives for the United States, 2009–2010. NCHS Data Brief. 2012(104):1–8. PMID:
23101968

2. Dye BA, Tan S, Smith V, Lewis BG, Barker LK, Thornton-Evans G, et al. Trends in oral health status:
United States, 1988–1994 and 1999–2004. Vital and health statistics Series 11, Data from the national
health survey. 2007(248):1–92. PMID: 17633507

3. Koo H, BowenWH. Candida albicans and Streptococcus mutans: a potential synergistic alliance to
cause virulent tooth decay in children. Future Microbiol. 2014; 9(12):1295–7. https://doi.org/10.2217/
fmb.14.92 PMID: 25517895

4. American Academy of Pediatric Dentistry Council on Clinical A. Policy on early childhood caries (ECC):
unique challenges and treatment options. Pediatric dentistry. 2005; 27(7 Suppl):34–5. PMID: 16541879

5. Hajishengallis E, Parsaei Y, Klein MI, Koo H. Advances in the microbial etiology and pathogenesis of
early childhood caries. Mol Oral Microbiol. 2017; 32(1):24–34. https://doi.org/10.1111/omi.12152 PMID:
26714612

6. Xiao J, Fiscella KA, Meyerowitz C. mDentistry: A powerful tool to improve oral health of a broad popula-
tion in the digital era. J Am Dent Assoc. 2021; 152(9):713–6. https://doi.org/10.1016/j.adaj.2021.06.004
PMID: 34454644

7. Ernsting C, Dombrowski SU, Oedekoven M, JL OS, Kanzler M, Kuhlmey A, et al. Using Smartphones
and Health Apps to Change and Manage Health Behaviors: A Population-Based Survey. J Med Internet
Res. 2017; 19(4):e101. https://doi.org/10.2196/jmir.6838 PMID: 28381394

8. Wang J, Wang Y, Wei C, Yao NA, Yuan A, Shan Y, et al. Smartphone interventions for long-term health
management of chronic diseases: an integrative review. Telemed J E Health. 2014; 20(6):570–83.
https://doi.org/10.1089/tmj.2013.0243 PMID: 24787747

9. PewResearch Center. Mobile Fact Sheet. Feb 5 Uwpof-sm.

10. Kopycka-Kedzierawski DT, McLaren SW, Billings RJ. Advancement Of Teledentistry At The University
Of Rochester’s Eastman Institute For Oral Health. Health Aff (Millwood). 2018; 37(12):1960–6. https://
doi.org/10.1377/hlthaff.2018.05102 PMID: 30633668

11. Mariño R, Ghanim A. Definition of Teledentistry. In: Giraudeau N. (eds) e-Health Care in Dentistry and
Oral Medicine: Springer, Cham.; 2018.

12. Azuaje F. Artificial intelligence for precision oncology: beyond patient stratification. NPJ Precis Oncol.
2019; 3:6. https://doi.org/10.1038/s41698-019-0078-1 PMID: 30820462

13. Hosny A, Parmar C, Quackenbush J, Schwartz LH, Aerts H. Artificial intelligence in radiology. Nat Rev
Cancer. 2018; 18(8):500–10. https://doi.org/10.1038/s41568-018-0016-5 PMID: 29777175

14. Robertson S, Azizpour H, Smith K, Hartman J. Digital image analysis in breast pathology-from image
processing techniques to artificial intelligence. Transl Res. 2018; 194:19–35. https://doi.org/10.1016/j.
trsl.2017.10.010 PMID: 29175265

PLOS DIGITAL HEALTH AICaries smartphone application detecting dental caries at home

PLOSDigital Health | https://doi.org/10.1371/journal.pdig.0000046 June 2, 2022 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/23101968
http://www.ncbi.nlm.nih.gov/pubmed/17633507
https://doi.org/10.2217/fmb.14.92
https://doi.org/10.2217/fmb.14.92
http://www.ncbi.nlm.nih.gov/pubmed/25517895
http://www.ncbi.nlm.nih.gov/pubmed/16541879
https://doi.org/10.1111/omi.12152
http://www.ncbi.nlm.nih.gov/pubmed/26714612
https://doi.org/10.1016/j.adaj.2021.06.004
http://www.ncbi.nlm.nih.gov/pubmed/34454644
https://doi.org/10.2196/jmir.6838
http://www.ncbi.nlm.nih.gov/pubmed/28381394
https://doi.org/10.1089/tmj.2013.0243
http://www.ncbi.nlm.nih.gov/pubmed/24787747
https://doi.org/10.1377/hlthaff.2018.05102
https://doi.org/10.1377/hlthaff.2018.05102
http://www.ncbi.nlm.nih.gov/pubmed/30633668
https://doi.org/10.1038/s41698-019-0078-1
http://www.ncbi.nlm.nih.gov/pubmed/30820462
https://doi.org/10.1038/s41568-018-0016-5
http://www.ncbi.nlm.nih.gov/pubmed/29777175
https://doi.org/10.1016/j.trsl.2017.10.010
https://doi.org/10.1016/j.trsl.2017.10.010
http://www.ncbi.nlm.nih.gov/pubmed/29175265
https://doi.org/10.1371/journal.pdig.0000046


15. LuW, Tong Y, Yu Y, Xing Y, Chen C, Shen Y. Applications of Artificial Intelligence in Ophthalmology:
General Overview. J Ophthalmol. 2018; 2018:5278196. https://doi.org/10.1155/2018/5278196 PMID:
30581604

16. Xiao J, Luo J, Ly-Mapes O,Wu TT, Dye T, Al Jallad N, et al. Assessing a Smartphone App (AICaries)
That Uses Artificial Intelligence to Detect Dental Caries in Children and Provides Interactive Oral Health
Education: Protocol for a Design and Usability Testing Study. JMIR Res Protoc. 2021; 10(10):e32921.
https://doi.org/10.2196/32921 PMID: 34529582

17. Zhang Y, Liao H, Xiao J, Al Jallad N, Ly-MapesO, Luo J. A Smartphone-based System for Real-time
Early Childhood Caries Diagnosis. Workshop on Perinatal, Preterm and Paediatric Image Analysis,
International Conference on Medical Image Computing and Computer Assisted Interventions (MICCAI),
October 2020.

18. Joe J, Chaudhuri S, Le T, Thompson H, Demiris G. The use of think-aloud and instant data analysis in
evaluation research: Exemplar and lessons learned. J Biomed Inform. 2015; 56:284–91. https://doi.org/
10.1016/j.jbi.2015.06.001 PMID: 26071683

19. Morse JM. Determing sample size. Qualitative health research. 2000; 10(1):3–5.

20. Lopes JP, Dias TMR, Carvalho DBF, Oliveira JF, Cavalcante RB, Oliveira VC. Evaluation of digital vac-
cine card in nursing practice in vaccination room. Rev Lat Am Enfermagem. 2019; 27:e3225. https://doi.
org/10.1590/1518-8345.3058.3225 PMID: 31826166

21. Friesen EL. Measuring AT Usability with the Modified SystemUsability Scale (SUS). Stud Health Tech-
nol Inform. 2017; 242:137–43. PMID: 28873790

22. Pillalamarri SS, Huyett LM, Abdel-Malek A. Novel Bluetooth-Enabled Tubeless Insulin Pump: A User
Experience Design Approach for a Connected Digital Diabetes Management Platform. J Diabetes Sci
Technol. 2018; 12(6):1132–42. https://doi.org/10.1177/1932296818804802 PMID: 30304951

23. McLellan S, Muddimer A, Peres S. The Effect of Experience on System Usability Scale Ratings. Journal
of Usability Studies. 2011;7.

24. Franco RZ, Alawadhi B, Fallaize R, Lovegrove JA, Hwang F. AWeb-Based Graphical Food Frequency
Assessment System: Design, Development and Usability Metrics. JMIR Hum Factors. 2017; 4(2):e13–
e. https://doi.org/10.2196/humanfactors.7287 PMID: 28483746

25. Brooke J. SUS—a quick and dirty usability scale. 1996. p. 189–94.

26. Edelstein BL. Disparities in oral health and access to care: findings of national surveys. Ambul Pediatr.
2002; 2(2 Suppl):141–7. https://doi.org/10.1367/1539-4409(2002)002<0141:diohaa>2.0.co;2 PMID:
11950385

27. Cucchi M, Gruener C, Petrauskas L, Steiner P, Tseng H, Fischer A, et al. Reservoir computing with bio-
compatible organic electrochemical networks for brain-inspired biosignal classification. Sci Adv. 2021; 7
(34). https://doi.org/10.1126/sciadv.abh0693 PMID: 34407948

28. Stoel BC. Artificial intelligence in detecting early RA. Semin Arthritis Rheum. 2019; 49(3s):S25–s8.
https://doi.org/10.1016/j.semarthrit.2019.09.020 PMID: 31779846

29. LeBan K, Kok M, Perry HB. Community health workers at the dawn of a new era: 9. CHWs’ relationships
with the health system and communities. Health Res Policy Syst. 2021; 19(Suppl 3):116. https://doi.org/
10.1186/s12961-021-00756-4 PMID: 34641902

30. Afzal MM, Pariyo GW, Lassi ZS, Perry HB. Community health workers at the dawn of a new era: 2. Plan-
ning, coordination, and partnerships. Health Res Policy Syst. 2021; 19(Suppl 3):103. https://doi.org/10.
1186/s12961-021-00753-7 PMID: 34641912

31. Villarosa AC, Villarosa AR, Salamonson Y, Ramjan LM, Sousa MS, Srinivas R, et al. The role of indige-
nous health workers in promoting oral health during pregnancy: a scoping review. BMC Public Health.
2018; 18(1):381. https://doi.org/10.1186/s12889-018-5281-4 PMID: 29558933

PLOS DIGITAL HEALTH AICaries smartphone application detecting dental caries at home

PLOSDigital Health | https://doi.org/10.1371/journal.pdig.0000046 June 2, 2022 16 / 16

https://doi.org/10.1155/2018/5278196
http://www.ncbi.nlm.nih.gov/pubmed/30581604
https://doi.org/10.2196/32921
http://www.ncbi.nlm.nih.gov/pubmed/34529582
https://doi.org/10.1016/j.jbi.2015.06.001
https://doi.org/10.1016/j.jbi.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26071683
https://doi.org/10.1590/1518-8345.3058.3225
https://doi.org/10.1590/1518-8345.3058.3225
http://www.ncbi.nlm.nih.gov/pubmed/31826166
http://www.ncbi.nlm.nih.gov/pubmed/28873790
https://doi.org/10.1177/1932296818804802
http://www.ncbi.nlm.nih.gov/pubmed/30304951
https://doi.org/10.2196/humanfactors.7287
http://www.ncbi.nlm.nih.gov/pubmed/28483746
https://doi.org/10.1367/1539-4409%282002%29002%26lt%3B0141%3Adiohaa%26gt%3B2.0.co%3B2
http://www.ncbi.nlm.nih.gov/pubmed/11950385
https://doi.org/10.1126/sciadv.abh0693
http://www.ncbi.nlm.nih.gov/pubmed/34407948
https://doi.org/10.1016/j.semarthrit.2019.09.020
http://www.ncbi.nlm.nih.gov/pubmed/31779846
https://doi.org/10.1186/s12961-021-00756-4
https://doi.org/10.1186/s12961-021-00756-4
http://www.ncbi.nlm.nih.gov/pubmed/34641902
https://doi.org/10.1186/s12961-021-00753-7
https://doi.org/10.1186/s12961-021-00753-7
http://www.ncbi.nlm.nih.gov/pubmed/34641912
https://doi.org/10.1186/s12889-018-5281-4
http://www.ncbi.nlm.nih.gov/pubmed/29558933
https://doi.org/10.1371/journal.pdig.0000046

