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Abstract

:

In recent years, telehealthcare systems (TSs) have become more and more widespread, as they can contribute to promoting the continuity of care and managing chronic conditions efficiently. Most TSs and nutrition recommendation systems require much information to return appropriate suggestions. This work proposes an ontology-based TS, namely HeNuALs, aimed at fostering a healthy diet and an active lifestyle in older adults with chronic pathologies. The system is built on the formalization of users’ health conditions, which can be obtained by leveraging existing standards. This allows for modeling different pathologies via reusable knowledge, thus limiting the amount of information needed to retrieve nutritional indications from the system. HeNuALs is composed of (1) an ontological layer that stores patients and their data, food and its characteristics, and physical activity-related data, enabling the inference a series of suggestions based on the effects of foods and exercises on specific health conditions; (2) two applications that allow both the patient and the clinicians to access the data (with different permissions) stored in the ontological layer; and (3) a series of wearable sensors that can be used to monitor physical exercise (provided by the patient application) and to ensure patients’ safety. HeNuALs inferences have been validated considering two different use cases. The system revealed the ability to determine suggestions for healthy, adequate, or unhealthy dishes for a patient with respiratory disease and for a patient with diabetes mellitus. Future work foresees the extension of the HeNuALs knowledge base by exploiting automatic knowledge retrieval approaches and validation of the whole system with target users.
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1. Introduction


Telehealthcare systems (TSs) exploit information and communications technologies to provide clinical services remotely, and their advantages have been described in several works since the early 2000s. TSs can extend access to health care in particular geographical conditions such as rural locations and can grant medical consultation to those segments of the population that may not be able to afford traveling [1]. In a context characterized by a global increase of chronic conditions and a growing base of an aging population (also characterized by different comorbidities), healthcare systems are burdened by a growing demand, and in some Western countries, healthcare costs are rising considerably. From the social and economic perspective, it is highlighted how TSs can help reduce the costs of national healthcare systems while extending the provision of services to more of the population [2].



Moreover, TSs represent a promising response in emergency situations such as the recent SARS-CoV-2 pandemic, providing a safer environment both for patients and clinical personnel for triage and first diagnosis [3] and for the management of chronic conditions [4,5]. Chronic patients, in fact, need continuous care and support to monitor the progress of disease in order to reduce the occurrence of secondary conditions and exacerbations, thus increasing the quality of life and reducing mortality rates [6]. TSs represent powerful tools to implement effective continuity of care and therefore improve the management of chronic patients. Moreover, the management of chronic diseases often consists of a multi-domain intervention (e.g., physical training, nutritional advice, and psychological support) and therefore requires an approach that involves different professional experts. Regarding this, TSs may help in strengthening the patient–doctor relationship but also may facilitate the connection between different clinical experts with an overall positive impact on the quality of care.



In addition, with researchers’ attention focusing on different and novel artificial intelligence (AI) techniques in internet of things context, TSs have become smarter, as they have become able to leverage the analysis of data coming from different sources to adapt types of therapy and promptly detect critical situations [7].



However, much research focuses on data-driven AI techniques, which may lack sufficient transparency for clinical personnel. Such an aspect may hinder AI’s adoption in healthcare, as the “black box” model may appear unreliable and unclear for many [8]. Therefore, one of the needs for an explainable AI (xAI) consists of addressing some of the issues arising from the adoption of AI-based tools in diagnosis, recommendations, and predictions, with the aim of creating a more understandable, reliable, and interpretable paradigm [9]. Furthermore, several sources underlined that a patient’s clinical history carries paramount importance in diagnosis [10,11], thus making “black box” and solely data-driven AI approaches to TSs potentially biased. A promising approach aimed at leveraging patient’s clinical history and monitoring his/her disease status via a TS consists in the use of knowledge bases, which can enrich black-box models with transparent ones [9].



In this regard, Semantic Web technologies offer the opportunity to exploit formal knowledge bases to capture relevant domain knowledge and reason over it. In fact, on the one hand, semantic modeling of information can foster data interoperability and provide a shared knowledge base of concepts and their relations [12]. On the other hand, these AI technologies can exploit monotonic reasoning techniques and rules, thus enabling the elicitation of new pieces of information.



This work exploits such advantages of semantics to devise the architecture of a prototypical TS named “Health and Nutrition Active Lifestyle” (HeNuALs), aimed at fostering a healthy diet and an active lifestyle in older adults with chronic conditions by intervening in the “modifiable risk factors”. Both diet and an active lifestyle have been proven to be effective in reducing the effects of all those factors contributing to increased mortality rates and disease incidence among older adults [13]. They are thus fundamental for the appropriate management of several pathologies, including chronic noncommunicable diseases (NCDs). An unhealthy diet and physical inactivity indeed increase the risk of death in patients with NCDs and also negatively influence their quality of life by often inducing a condition of disability. The Global Burden of Disease estimated that in 2017, over 16 million Disability-Adjusted Life Years (DALYs, which is defined by the WHO as “a time-based measure that combines years of life lost due to premature mortality, and years of life lost due to time lived in states of less than full health” [14]) are accounted to unhealthy diets, and over 2.1 million DALYs are due to low physical activity [15]. A lower quality of life and the anticipated occurrence of disabling conditions not only have a direct impact on the patients but also have economic and social impacts on national healthcare systems. For all these reasons, it is crucial to implement solutions such as TSs that are able to reduce such an impact in an effective way.



The remainder of this paper is organized as follows. Section 2 presents some of the relevant research in this field. Section 3 describes the architecture of HeNuALs in each of its components. Section 4 introduces two use cases for testing the inferences produced by the ontology. Section 5 addresses some limitations of the proposed approach, while Conclusions highlights the main contribution of this work.




2. Related Work


As mentioned in the previous section, Semantic Web technologies are adopted in TSs with two main aims. The first consists of easing seamless data interoperability among health stakeholders, in particular in the Electronic Health Record domain [16,17], while the second regards the possibility for ontologies to serve as clinical and expert-based backbones for many Decision Support Systems [18,19]. Moreover, the reasoning processes exploited by this technology has the characteristics envisaged by xAI since they are based on inference [20], thus allowing humans to understand the reasons behind some deductions.



The adoption of ontology-based Decision Support Systems has been widely investigated in many health-related fields, such as Ambient Assisted Living [21,22], continuity of care [23], physical rehabilitation [24], and its extension to the area of supporting the nutrition of different types of patients, and enhancing their physical conditions can potentially help patients in enhancing their quality of life. However, very often, these two sides—nutrition and physical condition enhancement—are treated separately, although in clinical practice, these aspects are complementary and strongly intertwined.



Most of the systems dedicated to nutrition that can be traced in the literature encompass the means to model some nutrient-related information (e.g., [25,26]) to provide end users with insight on what they are eating. Other examples are more focused on prescribing a diet according to user’s preferences and clinical needs [27,28]. Only a limited number of works combine nutritional aspects with physical exercise [29,30]. With regard to systems that exploit ontologies to provide tailored nutritional recommendations in a health context, Espín et al. [31] proposed NutElCare, an ontology-based recommender system that aids older adults in creating their own diet plans according to the needs related to the aging process. NutElCare adds a learning layer that leverages automated inferences to extract users’ behavior patterns and compose tailored recommendations. Similarly, the ProTrip recommender system analyzes users’ preferences and interests to generate personalized food recommendations [32]. Users are compared to other similar users to filter the recommendations together with healthy recommendations. Bianchini et al. [33] shifted the perspective by proposing a set of menus to users, leveraging prescriptions and his or her ideal nutritional behavior. The PREFer system filters recipes according to their features, generates candidate menus, and then refines and ranks them according to the healthiest options for the requesting user. Additionally, Agapito et al. [34] relied on users’ profiles to generate food recommendations, which can also take into account chronic diseases and health conditions.



Different from other semantic-based solutions, HeNuALs does not need to rely on a user’s profile; the system requires the user’s health condition, which is assessed by the clinical personnel using two World Health Organization standards. In this way, the clinical information is made interoperable [19], and the user’s health condition can be generated by leveraging the expertise of different clinical professionals. Moreover, HeNuALs is thought to be a TS able to foster cooperation between patients and clinicians. While it can be adopted by patients as a tool to plan their daily diets (providing reasonable and tailored suggestions), the clinical personnel have the possibility to adjust the diet and check its content. Finally, the proposed system combines the nutritional advice with recommendations for physical activities with the aim of tackling two modifiable risk factors for different chronic conditions.




3. HeNuALs Architecture


The architecture of the HeNuALs system, represented in Figure 1, is composed of the following core elements: the ontological layer stored in a repository, the HeNuALs applications, and the hardware elements for accessing its functionalities and for monitoring physical activity. The ontological layer, which stores the data on the user’s health condition and all related information on diet and physical activity, communicates with the HeNuALs applications in two ways. The first allows for retrieving customized settings on diet and exercise, and the second enables storage of the training results and allows the clinical personnel to modify the settings for diet and exercise for the specific patient. The wearable device(s), needed to monitor physical activity, directly transmit data to the patient application through ad hoc developed communication protocols.



3.1. Ontological Layer


HeNuALs relies on an ontological layer to formalize relevant information related to patients, foods, and exercise. The ontological layer is developed with World Wide Web Consortium-endorsed languages (e.g., Resource Description Framework (RDF) [35] and Ontology Web Language (OWL)) [36]. Following the most common practices for collaborative ontology development in the healthcare domain [37], the HeNuALs ontological layer foresees the reuse of existing models or knowledge sources (as further illustrated). The result of this development process consists of an ontology encompassing three main modules and a set of rules (developed with the Semantic Web Rule Language (SWRL) [38]), each of which is described in the following subsections. The HeNuALs ontology is stored in a semantic repository (Stardog Knowledge Graph [39]), which can be queried with SPARQL [40]. Figure 2 represents the ontological layer by means of the Unified Modeling Language (UML) and illustrates the classes and their attributes (datatype properties) together with the relationships held among classes (object properties), and Figure 3 reproduces a snapshot of the HeNuALs ontology TBox.



3.1.1. Patients and Health Conditions


Patients are described by means of their personal data (full name, place of birth, age, contacts, etc.), reusing the Friend of A Friend (FOAF) vocabulary [42] with a few additions (namely henuals:TaxIDNum, henuals:address, henuals:email, and henuals:phone). This personal information is stored in a separate module of the ontology. Each patient, represented as an OWL individual, is linked to his or her health condition (also represented as an individual) via an object property. To provide a first protection layer against risks related to personal data security and to ensure patients’ privacy, each patient is identified by a henuals:ID. In this way, clinical personnel can see the patient’s health condition and gender, together with his or her ID, and only when strictly necessary, they can access the ontology module that stores the patient’s personal data using the ID as a key for patient identification.



The description of a health condition takes advantage of two WHO standard classifications: the International Classification of Diseases and Related Health Problems (ICD-11) [43] and the International Classification of Functioning, Disability and Health (ICF) [44]. These standards were developed with the aim of fostering health information interoperability among clinical stakeholders, and they can provide a hierarchy of diseases and a framework for describing the interactions between a person’s health status and the environment in which he or she lives, respectively. While the ICD leverages a classification of illnesses for diagnostic purposes, the ICF is more focused on providing a functional description of a person’s health status. Both classifications share a similar taxonomical structure, as they split their domains of knowledge into chapters. Each chapter is further deepened in categories, which in turn can be further detailed. The ICD consists of more than 10,000 categories (grouped into 24 chapters), each representing a family of diseases, while the ICF adopts more than 1400 categories, each representing either a domain of the body (Body functions and Body structure chapters), the environment (Environmental factors chapter), or a combination of both (Activities and participation chapter), to be evaluated under the functional point of view. Due to their diffusion among health stakeholders, both classifications have been represented into two ontologies, of which this module reuses some chapters and their related categories (5: Endocrine, nutritional and metabolic disorders; 12: Diseases of the respiratory system; 13: Diseases of the digestive system for the ICD; and all of the Body functions and Body structures chapters for the ICF).



This module associates to each health condition relevant information like henuals:bodyWeight, henuals:height, henuals:BMI (body mass index), and physical exercises that are recommended by the clinicians to the patient. Clinical personnel can also use a set of datatype properties to specify the recommended amount of nutrients for a health condition (e.g., the quantities in grams of dietary fibers, carbohydrates, or saturates). Finally, HeNuALs provides the means to list the allergens that may cause a reaction in the person’s health condition (via the henuals:allergyTo object property, whose range is limited to the 14 allergens of food products and their derivatives identified by EU Regulation 1169/2011 [45]).




3.1.2. Foods, Their Effects, and Diets


This second module describes foods by reusing Food Ontology (FoodOn) [46], a model formalizing more than 9600 food products. FoodOn provides the means to describe a food product under different points of view; a bag of potato crisps can be classified as foodon:potato crisps from a potato slice but also as foodon:food(fried), thus representing the food product as the result of the frying cooking process. Moreover, it can be represented as an individual belonging to the foodon:potato crisps class, a subclass of foodon:snack (potato-based). This taxonomical structure allows FoodOn to describe food products while taking into account the transformations to which the ingredients are subjected. In this way, the ontology also enables the representation of more complex food products (i.e., dishes composed of many ingredients). For example, for a rosemary risotto dish, foodon:has the defining ingredient of some foodon:brown rice and is the foondon:output of a foodon:boiling cooking process. This module also provides a few datatype properties to quantify the portion of a dish to be prescribed in a diet (henuals:quantityPerMeal) and the quantities of deriving nutrients (henuals:calories, henuals:fats, henuals:saturates, henuals:carbohydrates, henuals:sugars, henuals:proteins, henuals:fibers, and henuals:salt).



HeNuALs leverages clinical literature knowledge [47,48,49,50] to formalize the relationships between food products and specific diseases. A set of properties (henuals:advisedFor, henuals:positiveEffectOn, henuals:neutralEffectOn, henuals:unhealthyEffectOn, and subproperties of the object property henuals:effectOnCondition) models the effects that foods have on specific health conditions. For example, it can be stated that milk cream has a henuals:negativeEffectOn health conditions characterized by icd:Essential hypertension, while foodon:tomato(raw) henuals:isAdvisedFor the same health condition. The HeNuALs knowledge base currently models 32 dishes (listed in Section 4.3).



Finally, HeNuALs allows for specifying the diet plan for each day. Days, represented as individuals, are linked to henuals:Meals individuals, which are connected through the henuals:selectedDish property to the specific dishes comprising a meal. For example, it is possible to represent a lunch composed of a portion of rosemary risotto, endive salad, grilled chicken breast, and an apple. In its current version, HeNuALs provides the means to represent five main daily meals (breakfast, lunch, dinner, and two snacks), although other meals can be added to the ontology.




3.1.3. Exercise and Its Session


An application ontology models the exercises that the clinicians could prescribe to the patients. The physical activity program is defined considering the American College of Sports Medicine (ACSM) guidelines and focusing in particular on four exercise parameters: frequency, intensity (%HRmax), duration (in minutes), and type [51]. Regarding the type of exercise, HeNuALs currently models two types of exercise: cycling on a cycle-ergometer, which can be performed at home, and walking outdoors. Both exercises require the patient to perform the activity while wearing a sensor device(s) for monitoring some relevant parameters (e.g., oxygen saturation (SpO2) and heart rate (HR)) depending on his or her pathology. The frequency, intensity, and time of the exercise session can also be customized for each patient and modeled in this module. The recommended values can be modified by clinical personnel to optimally match the patient’s needs. The recommended frequency of exercise varies between 3 and 5 days per week, while the time of exercise, which represents the duration of each session, can range from 75 to 150 minutes per week. The exercise intensity HRtarget is defined in HeNuALs as a percentage of the maximum heart rate of the individual (obtained as 208 − (0.7 × age), as specified in [52]). HRtarget is selected in order to elicit light, moderate, or vigorous exercise, depending on the patient’s baseline condition. Moreover, clinical personnel can specify, for each exercise type, the parameters’ thresholds required for a patient to keep safe, and these are summarized as follows. The HR should not exceed more than 30% of HRtarget, and the SpO2 should not go below 90%, thus assuring that a significant exercise-induced desaturation does not occur [53]. Real-time monitoring of the thresholds is performed via a patient application (retrieving thresholds and exercise settings data from the ontology once before starting the exercise session), which receives data regarding HRtarget and SpO2 and provides the average values for each parameter at the end of the session.



Each exercise session is stored in this module as an individual, with datatype properties detailing the date of training, average HR and SpO2 maintained, and the duration of the session. HeNuALs relies on an already-tested solution for supporting older adults in performing physical exercise. This solution adopts commercial devices (a cycle ergometer and a chest band) interfaced with the system as described in [54,55].




3.1.4. Inferences and Querying


Using the SWRL, the HeNuALs ontology layer is able to draw general inferences to help clinicians determine food recommendations based on the effects of foods on specific health conditions and patients to support the implementation of a healthy diet plan [56]. Rule inferences generate triplets, with a dish as subject, a recommendation as an object property (henuals:unhealthySuggestionFor, :adequateSuggestionFor, or :healthySuggestionFor), and a patient as an object. HeNuAL’s SWRL rules also allow for inferring some exercise settings and can be grouped into six sets:




	
A set of rules leverages the descriptions of foods and their effects on specific health conditions to draw inferences on more complex foods (dishes). A dish containing at least one ingredient having a negative effect for a specific patient is not suggested as a suitable dietary option. Similarly, a dish composed of healthy ingredients but processed with a cooking method incompatible with the patient’s health condition is also not suggested.



	
A second set of rules allows for detecting whether a dish composed of many ingredients is a suitable food option for a person who can experience an allergic reaction to a specific food (e.g., 4A80.1 Bronchospasm provoked by allergy to food substance) by checking its ingredients and matching them with the list of allergies characterizing such an individual.



	
The third set of rules leverages the nutrient prescriptions prescribed by the clinicians and the information regarding nutrients for each dish. It is possible to infer as unhealthy options those foods with specific values for some nutrients (e.g., a fruit salad containing raisins and honey is an unsuitable option for patients with diabetes due to the high sugar amount).



	
SWRL rules can also provide suggestions regarding the substitution of allergen food products with other products using the foodon:has food substance analog relation.



	
SWRL rules also suggest the daily water intake for an individual (formalizing EFSA’s recommendations reported in [57]) and the daily calorie intake (according to [47]).



	
SWRL rules determine some thresholds for exercise programs (HRtarget and SpO2) according to the ACSM recommendations detailed in the previous subsection.








By using SPARQL in combination with the inferences produced by the SWRL, it is possible to check whether a daily diet plan foresees unhealthy suggestions or a modeled dietary daily plan foresees a calorie intake higher than the one recommended. Similarly, SPARQL can be used to calculate the total amount of single nutrients (fats, sugars, carbohydrates, fibers, etc.) foreseen in the day and check whether it follows the recommendations provided by clinicians. This feature covers a pivotal role for those conditions that (like type 2 DM) require patients to follow a careful and strict nutrient regime.





3.2. Hardware


The HeNuALs architecture involves the following hardware components: a mobile device or a computer station running the HeNuALs applications and a wearable sensor device for monitoring exercise sessions. As shown in Figure 1, the clinician application is PC-based, while the patient application runs both on mobile devices with the Android OS and on Windows PCs. According to the use case, either one or both of these devices can be part of the system. With respect to the physical activity, those patients who are prescribed walking indoors may prefer using a smartphone for its portability, while those who carry out indoor cycling may rather use a computer station, which has a wider screen.



Optional elements may be added to the system in specific cases. For example, depending on the exercise type a patient is prescribed to perform, he or she may also need a physical device for performing the exercise (e.g., a cycle ergometer in the case of cycling indoors). A second example refers to the “recipe” functionality (described and validated in detail in [22]). In this case, the application can be accessed with any plain surface of the house (e.g., a table, kitchen worktop, or wall) by using a finger-touch projector connected to the computer station running HeNuALs. The possibility to project the GUI offers people the chance of accessing it even while cooking, thus excluding the risk of damaging the electronic devices. Finally, to perform the physical activity in safe conditions, the system includes one or more wearable devices. The device(s) is (are) selected depending on the different use case, with only the requirement of being able to transmit data to a third-party application (i.e., HeNuALs).




3.3. Communication


To send data from HeNuALs applications to the ontological layer, middleware was developed by means of Java scripts [58]. By using a SPARQL UPDATE query pattern, selected data (provided to the middleware in the form of a JSON file) from the applications (e.g., training data produced by the patient application) are sent to the ontology to complete the modeling of an individual representing the exercise session. Using SPARQL, HeNuALs applications (described in Section 3.4 and Section 3.5) can retrieve information to be shown to the end users and the clinicians. Instead, the updating and modification of the information contained in the ontology (especially those pertaining to the health condition) is a prerogative of the clinical personnel.




3.4. Patient Application


The HeNuALs patient application allows the patient to follow the prescribed recommendations on diet and physical activity. The interaction with the HeNuALs patient application is performed via a Graphical User Interface (GUI) developed with Unity 3D [59] as a further development of the home interactive controller described in [60]. This GUI has been developed to be user-friendly and intuitive so as to allow everyone (including older adults with scarce familiarity with technology) to access the HeNuALs data.



Aside from the food-related information mentioned above, HeNuALs integrates the “recipe book” functionality (described in detail in [22]), providing a step-by-step guide to preparing dishes. The first step shows the list of ingredients necessary for preparation, while the following steps are focused on the actions required to complete the dish. Each step is detailed with a textual description and a picture or a short video to support older adults through the most difficult passages of preparation (the video can be stopped, paused, and played back using buttons located under the video frame). Patients can also interact with HeNuALs to model their daily dietary plans.



The list of recipes suitable for a specific person is retrieved via SPARQL query and determined by SWRL rules, according to his or her health condition and the suggestions inferred (Section 3.1.4). These suggestions are illustrated in textual form via the GUI.



Another functionality allows the patient to carry out the physical activity prescribed by the clinicians (with thresholds provided by inferences). The GUI shows the information on the type, frequency, time, and intensity of the exercise. Before starting the exercise, the user wears the monitoring device and, through a button on the GUI, establishes the connection with the sensor. During the session, the heart rate and, where applicable, SpO2 measurements are transmitted and elaborated in order to control the exercise intensity. The value of the HR is displayed on the GUI shown to the user, and a colored circle indicates whether the patient is maintaining the target intensity (green) or not (red). Based on the values retrieved by the wearable device, the application generates a warning, asking the patient to interrupt the exercise when the safety conditions, as formalized in the ontological layer (Section 3.1.3), are not satisfied.




3.5. HeNuALs Clinician Application


The application for clinical personnel allows for inserting and modifying a patient’s data and health condition, as well as prescribing the type of exercise (and its setting) and specifying nutritional recommendations (quantity of nutrients per day). This application also allows clinicians to retrieve data from the exercise sessions so that they can keep track of the patient’s progress, also identifying those not respecting the specified parameters. Based on the data retrieved, clinicians are able to either modify the program or identify potentially dangerous situations in advance. Clinicians can retrieve and control the daily diet plan inserted by their patients (via SPARQL) and modify them if needed.



This application is currently under development. Since this component of HeNuALs requires clinicians’ participation in the different development phases and cannot neglect their direct involvement in the validation, the system currently relies on a prototype.





4. Use Cases


The validation of the HeNuALs semantic layer was performed by considering two different use cases, each one framing an individual with a health issue that would benefit from an appropriate lifestyle intervention. The purpose of this validation was to assess whether or not the inferences produced by reasoners provided safe and sound suggestions for users (according to what was prescribed in the literature for the two specific chronic diseases addressed here) and to verify that daily plans introduced by users fell under the prescriptions modeled into the ontology. The two use cases, provided by clinical partners cooperating in this project, addressed two common chronic conditions: COPD and type 2 Diabetes Mellitus (DM).



4.1. James: A Man with COPD


The first use case was represented by James, a 71-year-old man with moderate COPD (stage II according to the Global Initiative for Obstructive Lung Disease). His health condition was formalized in the ontology layer and described as represented in Table 1.



COPD (CA22) had an impact on his respiratory system (s43011) and both the respiratory and limb muscles (s7702). As a consequence of the disease, James badly tolerated exercise (b455) and experienced dyspnea and fatigue (b460) while performing activities of daily living (ADLs) of low or moderate intensity (e.g., going out for shopping or doing housework). James recently lost weight, and his BMI was 20.5 (weight = 62 kg, height = 1.74 m), thus indicating a risky condition that required attention (b530). Unintentional weight loss was due to several reasons, one being the loss of appetite (b1302), which is common in older adults and worsened by the fact that James was living alone and, therefore, not very motivated in preparing meals and following clinicians’ recommendations. The second reason for weight loss was related to increased energy requirements as a consequence of the disease, which was not properly balanced by his dietary intake. A nutritional supplement was, therefore, recommended for James [49]; his daily caloric intake amounted to 2.790 Kcal, and his water intake was estimated to be 2.5 liters/day (inferred via the SWRL rule).



In order to recover his exercise tolerance and strengthen his lower limb muscles, James was prescribed to follow a pulmonary rehabilitation program [61]. The physical training consisted of a 20-minute session of aerobic exercise for 5 days per week. Given his profile, as formalized in the ontology, James was suggested to perform walking outdoors at a light to moderate intensity, defined as 60% of his maximum heart rate [51]. Based on James’s health condition, it was important for therapists to track his exercise-induced heart rate and oxygen saturation levels during exercise. The optimal wearable device for James was, therefore, a wrist-worn pulse oximeter.




4.2. Grace: A Woman with Type 2 Diabetes Mellitus


The second use case depicted Grace, who was 67 years old and had been recently (<1 year prior) diagnosed with type 2 Diabetes Mellitus (DM) (5A11) (Table 2). The disease influenced her cardiovascular system (s410) and urinary system (s6100). As a consequence, Grace suffered from high blood pressure and decreased cardiovascular functionality (b410, b415, and b420). She also reported impaired functionality in metabolic (b450) and urinary excretory functions (b610). As a common effect of DM, Grace, due to the high blood sugar levels, was also more susceptible to developing infections (b435). In addition, her BMI equaled 30.07 (weight = 77 kg, height = 1.60 m), thus indicating a condition of obesity (b530). Her obesity, combined with the other comorbidities, resulted in a reduced exercise tolerance (b455), which prevented Grace from independently performing the more demanding ADLs.



As suggested by the global guidelines for the management of DM type 2 in older adults, combining physical activity with nutritional therapy can help in promoting weight loss, thus improving physical performance and reducing cardiometabolic risk [48]. Considering her condition, Grace’s nutritionist prescribed a 1.400 Kcal/day intake (with 2 liter/day liquid intake inferred via the SWRL). Regarding physical activity, Grace should have performed cycling on a stationary bike for 40 minutes for 3 days per week at moderate intensity. In order to perform moderate physical exercise, corresponding to 70% of the maximum heart rate, she was equipped with a heart rate chest strap as part of the HeNuALs system.




4.3. Results of Use Case Processing


The two patients’ health conditions were modeled in the HeNuALs ontology layer. Reasoning (performed using Stardog semantic repository reasoning and a query engine) provided lists of dishes classified according to their effect on the specific patient’s health condition (Table 3). The reasoning process was able to successfully identify the suitable and unsuitable foods for both health conditions, according to the respective nutrition guidelines [49]. SWRL rules allowed for determining a patient’s daily caloric intake, which took into account their impairments and their daily water intake.



In addition, the ability to infer whether or not a diet plan was suitable for a patient was tested. As presented in Section 3.1, each patient could insert his or her daily diet plan by specifying the dishes he or she wanted to eat. Plans could contain any of the dishes modeled in HeNuALs and therefore could comply to a specific patient’s suggestions or not. Moreover, even a diet plan containing healthy or adequate suggestions may not have respected the caloric intake recommended to the patient by the clinicians. As an example, Figure 4 reports three of James’ plans:




	
The plan envisioned for Day 1, although containing healthy or adequate food choices, exceeded the prescribed amount for James’ health condition, and therefore it was classified as a henuals:notAppropriateDayPlan;



	
The plan for Day 2 contained some dishes that were inferred to be henuals:unhealthySuggestionFor. Therefore, this plan was also classified as a henuals:notAppropriateDayPlan;



	
Finally, the plan for Day 3 contained healthy choices for foods, and its caloric amount was adequate to the daily intake prescribed to the patient.










5. Discussion, Limitations of This Work, and Future Work


HeNuALs TS leverages semantic knowledge bases to draw general and user-specific inferences regarding foods and their effects on health conditions and to monitor daily physical exercise.



As illustrated in Section 4, HeNuALs proved able to draw significant inferences to suggest users’ food recommendations and help them in compiling their dietary plans autonomously. Moreover, once the application for clinicians would be completed, the system would also enable clinical personnel to remotely monitor the composition of dietary plans and to intervene if necessary.



In its current state, HeNuALs is limited to only two use cases. This is due to the fact that its knowledge base has been developed mostly manually by deriving nutritional food products’ information from the scientific literature. Given the complexity of the problem (e.g., considering the presence of different metabolic phenotypes in the same patient population) and the heterogeneity of nutrition care guidelines, a future step for improving HeNuALs will consist of the validation and integration of knowledge retrieved from the literature by domain experts (i.e., clinical nutritionists and specific disease specialists). However, to increase the number of food products and consequently of dishes modeled in the ontology and thus extend the possible applications of HeNuALs both vertically (more dishes) and horizontally (more patients), the automatic population of ontology instances can be performed. Though such a process may seem like an immediate approach, its performance is still a debated issue, and many methods are currently being studied (ranging from deep learning for automatic triplet extraction to text extraction [62,63]), since no optimum method has been found. A future work should thus tackle the definition of a method to extract food-related knowledge from clinically approved databases.



With the increase in modeled food and dishes, HeNuALs could be rapidly extended to also include other types of patients with chronic conditions who may benefit from a healthy diet (e.g., patients with all the inflammatory bowel diseases, osteoporosis, or cardiovascular disorders). Moreover, HeNuALs can also be adopted for the prevention of nutrition-related conditions that are dependent on aging (e.g., malnutrition, marginal deficiency of vitamins and trace elements, or too low an intake of vitamin E and calcium [64]), and it can benefit from a healthy diet and physical exercise. Clearly, as the system will become more complex and possibly used in the clinical practice, data protection and security must be improved, taking into account all the recommendations given by European General Data Protection Regulation.



Another aspect that needs to be taken into consideration regards the reuse of the HeNuALs ontology layer. Although the ontologies presented are well-known and often reused, it is fundamental to foster information interoperability by mapping HeNuALs domain ontologies to other relevant existing models. In this way, by determining correspondences between different ontologies’ concepts and relations, information generated by HeNuALs can be made interoperable with other heterogeneous sources.



Finally, a typical drawback of TSs consists of the difficulty of providing the patient with a comprehensive physical examination. In this regard, HeNuALs makes no exception, as the health conditions contained in the ontological layer need to be updated following clinical evaluation (e.g., examinations and tests). In its current state, HeNuALs is unable to automatically acquire new information regarding modifications to the users’ health conditions. However, in the context of full information interoperability (such as the one enabled by Electronic Health Records), HeNuALs can be adapted to automatically update the patients’ conditions stored in the ontology.




6. Conclusions


This work introduces the ontological framework for a telehealthcare system dedicated to enhancing healthy nutrition and active lifestyles in the older adult population. The semantic approach allows avoiding the use of black box models, thus creating a transparent link between the input data (i.e., patient’s characteristics) and the inferred outcomes (i.e., dietary plan and physical exercise program).



In this work, the common approach (highlighted in Section 2) requiring much data, preferences, and profile(s) regarding the users is overturned. Instead of leveraging knowledge extracted from the user, it is argued here that user-specific information is not strictly necessary to provide healthy and tailored dietary suggestions. On the contrary, HeNuALs focuses on the diseases and only needs the users’ health conditions to be formalized using two widely known and adopted WHO standards, thus drawing inferences (nutritional recommendations and physical exercise indications) on the specific clinical situation comprising the users’ health conditions from a functional and pathological perspective. In this way, the proposed framework can be easily adapted for different conditions, thus including a variety of (also complex and comorbid) chronic conditions.
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Figure 1. A graphical representation of the HeNuALs system architecture. 
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Figure 2. A UML representation of the HeNuALs ontology layer. OWL classes are represented as UML classes, datatype properties are represented as UML attributes, and object properties are represented as UML associations among classes. 
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Figure 3. A graphical representation of an excerpt of the HeNuALs ontology, developed with the Protégé ontology editor [41]. 
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Figure 4. A schema representing three days modeled by patient James. 
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Table 1. ICD code and ICF codes and qualifiers describing the health condition of James.
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ICD Code

	
CA22: Chronic Obstructive Pulmonary Diseases




	
ICF Code

	
Qualifier






	
s430 Structure of Respiratory System

	




	
  s4301 Lungs

	




	
   s43011 Alveoli

	
2




	
s770 Additional Musculoskeletal Structures Related to

Movement

	
1




	
  s7702 Muscles




	
b130 Energy and Drive Functions

	




	
  b1301 Motivation

	
1




	
  b1302 Appetite

	
1




	
b430 Hematological System Functions

	




	
  b4301 Oxygen-Carrying Functions of the Blood

	
2




	
b440 Respiration Functions

	
2




	
b445 Respiratory Muscle Functions

	
2




	
b455 Exercise Tolerance Functions

	
2




	
b460 Sensations Associated with Cardiovascular and

Respiratory Functions

	
2




	
b530 Weight Maintenance Functions

	
2




	
b730 Muscle Power Functions

	
2




	
b740 Muscle Endurance Functions

	
2
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Table 2. ICD code and ICF codes and qualifiers describing the health condition of Grace.
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ICD Code

	
C5A11: Type 2 Diabetes Mellitus




	
ICF Code

	
Qualifier






	
s410 Structure of Cardiovascular System

	
1




	
S610 Structure of Urinary System

	




	
  S6100 Kidney

	
2




	
b410 Heart Functions

	
1




	
b415 Blood Vessel Functions

	
1




	
b420 Blood Pressure Functions

	
1




	
b435 Immunological System Functions

	
2




	
b455 Exercise Tolerance Functions

	
2




	
b540 General Metabolic Functions

	
2




	
b610 Urinary Excretory Functions

	
1
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Table 3. Inferred classification of the dishes modeled in HeNuALs ontology for each of the use cases presented.
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	Dish
	James
	Grace





	Black tea
	Adequate
	Healthy



	Green tea
	Adequate
	Healthy



	Milk (low fat)
	Healthy
	Adequate



	Milk (skimmed, pasteurized)
	Healthy
	Adequate



	Wheat bran
	Healthy
	Healthy



	Rye bran
	Healthy
	Healthy



	Wheat bread
	Healthy
	Adequate



	White bread (slice)
	Adequate
	Unhealthy



	Whole rye bread
	Healthy
	Adequate



	Boiled carrots
	Healthy
	Healthy



	Endive salad with olive oil
	Healthy
	Healthy



	Raw carrot salad with olive oil
	Healthy
	Healthy



	Tomato chickpeas
	Healthy
	Healthy



	Peas and onions
	Healthy
	Adequate



	Boiled beans
	Adequate
	Healthy



	French fries
	Unhealthy
	Unhealthy



	Bresaola and stracchino rolls
	Unhealthy
	Healthy



	Potato and onions omelet
	Healthy
	Adequate



	Fried chicken
	Unhealthy
	Unhealthy



	Grilled chicken
	Healthy
	Healthy



	Fried cod fillet
	Unhealthy
	Unhealthy



	Poached cod fillet
	Healthy
	Healthy



	Pan-seared salmon
	Healthy
	Healthy



	French onion soup
	Unhealthy
	Unhealthy



	Tomato pasta
	Adequate
	Unhealthy



	Tagliatelle with pesto sauce
	Adequate
	Unhealthy



	Rosemary risotto
	Healthy
	Adequate



	Sliced apple
	Healthy
	Healthy



	Sliced pear
	Healthy
	Healthy



	Peeled banana
	Healthy
	Healthy



	Peeled orange
	Healthy
	Healthy
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Breakfast

Snack 1

Lunch

Snack 2

Dinner

Day 1
128 gr. Wheat bran
100 gr. Peeled banana
50 gr. Whole rye bread
240 ml Raw milk
160 gr. Sliced apple
50 gr. Wheat bread
240 ml Raw milk
100 gr. Tagliatelle al pesto
110 gr. Tomato chickpeas
28 gr. White bread slice
135 gr. Potato & onion omelette
160 gr. Sliced apple
28 gr. White bread slice
28 gr. White bread slice
160 gr. Sliced apple
240 ml Raw milk
100 gr. Tomato pasta
128 gr. Pan-seared salmon
50 gr. White bread
100 gr. Peas with onions
160 gr. Sliced pear

125
105
89
146
72
123
146
284
288
75
244
72
75
75
72
146
430
220
123
101
96

Day 2
128 gr. Wheat bran
100 gr. Peeled banana
50 gr. Whole rye bread
240 ml Raw milk
160 gr. Sliced apple
50 gr. Wheat bread
240 ml Raw milk
230 gr. French onion soup
100 gr. Fried chicken
28 gr. White bread slice
100 gr. Simple endive salad
100 gr. Peeled banana
28 gr. White bread slice
160 gr. Sliced apple
240 ml Raw milk

130 gr. Bresaola rolls

70 gr. French fries potato
160 gr. Sliced apple

28 gr. White bread slice
160 gr. Sliced pear

125
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146
296
297
75
136
105
75
72
146

283
192
72
75
96

Day 3
128 gr. Wheat bran
100 gr. Peeled banana
50 gr. Whole rye bread
240 ml Raw milk
160 gr. Sliced apple
50 gr. Wheat bread
240 ml Raw milk
100 gr. Tomato pasta
100 gr. Chicken grilled
100 gr. Peas and onions
140 Peeled orange

28 gr. White bread slice
160 gr. Sliced apple
240 ml Raw milk

100 gr. Tagliatelle al pesto

110 gr. Tomato chickpeas

135 gr. Potato & onion omelette
160 gr. Sliced pear
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89
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123
146
430
188
101
62
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284

288

244
96






media/file6.png
*® Body
i structures’
* @ ICD_Chapters l

| ® icF_Category |

*'® Body
functions'
— ,~l‘ _‘--‘-‘-"'!‘_J,_‘_H\h
_—_-___-"_-.__--‘-_—-'_"--_ -\-‘-‘-"."‘-..“.l
....... Sy Rty @ Breakfast dish ]
© HealthCandition ] . U
— S
TR \"‘-;\ kLY I © Appetizer_dish ]
ke oy

*® owl:Thing

[ @ Side_dish ]

@ Main_course_dis
h

| ® Dessert dish |

| ® Snack_dish ]






