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ABSTRACT 

Background Pediatric asthma disproportionately impacts marginalized urban demographics, with acute exacerbations 
frequently driven by localized environmental pollutants. Traditional static air monitors fail to capture individual-level 
exposures, necessitating continuous remote tracking. 
Objectives This review assesses the clinical efficacy of integrating wearable environmental and physiological sensors into 
pediatric asthma management and evaluates their socioeconomic inclusivity for under-resourced populations. 
Methods A comprehensive literature review was conducted to evaluate the technological validity of microenvironmental 
sensors, their clinical impact through machine learning-driven predictive modeling, and the structural socioeconomic barriers 
limiting equitable adoption. 
Results Wearable environmental platforms demonstrate robust clinical efficacy by quantifying the personal exposome and 
generating interpretable digital biomarkers. Predictive algorithms utilizing these data streams accurately anticipate 
subclinical exacerbations, thereby reducing acute healthcare utilization. However, profound socioeconomic barriers, 
including prohibitive hardware and connectivity costs, digital literacy constraints, and privacy-related medical mistrust, 
restrict access among vulnerable populations, risking the exacerbation of systemic health disparities. 
Conclusions While wearable sensors enable highly effective, proactive pediatric asthma management, achieving equitable 
implementation requires targeted policy reforms. Healthcare systems must establish digital therapeutics reimbursement 
pathways, deploy community-based participatory research for culturally adapted designs, and translate exposure data into 
structural public health interventions. 
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Introduction 
Pediatric asthma is a prevalent chronic respiratory condition disproportionately affecting minority and 

low-income demographics in urban environments [1]. Acute asthma exacerbations are frequently driven by 

environmental triggers, including ambient air pollution, particulate matter, and nitrogen dioxide [2]. 

Traditional clinical assessments rely on static air quality monitors, which fail to capture individual-level 

microenvironmental exposures and longitudinal symptom variability [3]. Recently, integrating mobile health 

platforms and wearable environmental sensors has provided continuous monitoring of physiological 

parameters alongside personalized air pollutant exposure data [4,5]. Wearable systems demonstrate high 

accuracy in predicting exacerbation risks and generating interpretable biomarkers by evaluating the personal 

exposome [6]. 

Despite these technological advancements, socioeconomic barriers limit their adoption among 

marginalized urban populations who experience the highest disease burden [1]. Consequently, relying on 

digital health interventions risks widening existing health disparities if structural inclusivity is not prioritized, 

as contextual exposure knowledge is often overlooked in favor of generating aggregate data [7]. 

This study aims to assess the clinical efficacy of integrating wearable environmental and physiological 

sensors into pediatric asthma management within urban settings. Furthermore, it evaluates the socioeconomic 

inclusivity of these platforms to determine their viability for high-risk, under-resourced populations. 
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Methodology 

1. Study Design and Search Strategy 
A comprehensive literature review was conducted to evaluate the integration of wearable environmental 

and physiological sensors in pediatric asthma management. The primary objective was to assess the 

technological validity of microenvironmental sensors, their clinical impact through machine learning-driven 

predictive modeling, and the structural socioeconomic barriers limiting equitable adoption. To capture the most 

recent advancements in this rapidly evolving digital health sector, searches were executed across databases 

including PubMed/MEDLINE, Scopus, and IEEE Xplore for peer-reviewed literature published between 2020 

and 2026. The search strategy utilized combinations of keywords targeting the population (e.g., "pediatric 

asthma", "urban populations"), the intervention (e.g., "wearable sensors", "remote patient monitoring", "digital 

health"), analytical approaches (e.g., "machine learning", "predictive modeling"), and systemic outcomes (e.g., 

"health equity", "socioeconomic inclusivity", "personal exposome"). 

2. Eligibility Criteria 
Titles, abstracts, and full texts were screened to identify relevant publications based on targeted inclusion 

criteria. Eligible studies specifically focused on pediatric demographics diagnosed with asthma, with a 

particular emphasis on those residing in urban environments. To ensure technological and clinical relevance, 

the review included literature detailing the deployment, calibration, or technological validity of wearable 

microenvironmental and physiological sensors, alongside articles assessing the clinical efficacy of continuous 

remote monitoring and machine learning algorithms for predicting subclinical exacerbations. Furthermore, 

studies were required to explicitly address the socioeconomic barriers to digital health adoption, such as 

hardware costs, digital literacy constraints, and privacy-related medical mistrust. Finally, inclusion was strictly 

limited to English-language, peer-reviewed original research, clinical trials, and high-quality systematic or 

narrative reviews. 

3. Data Extraction and Synthesis 
Due to the interdisciplinary nature of the literature, spanning environmental engineering, clinical 

pulmonology, data science, and public health, a thematic narrative synthesis was employed as the primary 

analysis technique. Extracted data were systematically categorized to evaluate three core domains: the 

accuracy and clinical efficacy of tracking the personal exposome via wearable platforms, the utilization of 

machine learning to generate interpretable digital biomarkers, and the profound structural barriers restricting 

access among vulnerable populations. The synthesized findings were ultimately used to identify necessary 

policy reforms and outline strategies for equitable implementation, such as community-based participatory 

research and targeted public health interventions. 

Results 

1. Technological Validity and Microenvironmental Tracking Accuracy 

1.1 The Transition to Microenvironmental Tracking 
The assessment of pediatric asthma triggers has historically relied upon static ambient air quality 

monitors, which supply aggregated macro-level environmental data but systematically fail to capture 

individual-level microenvironmental exposures. The transition toward continuous, personal tracking 

represents a critical methodological shift, as static measurements obscure human mobility patterns and the 

localized, temporal variability of pollutant concentrations. Wearable environmental systems have emerged as 

a highly viable alternative, effectively recording real-time exposure variations and outlining the high-

resolution spatiotemporal dynamics inherent to hyper-local environments [8]. By shifting the analytical focus 

from generalized ambient air quality to the continuous tracking of the personal exposome, these mobile sensors 

generate contextual exposure knowledge that is essential for accurate clinical evaluation and targeted asthma 

management. 
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1.2 Efficacy of Wearable Hardware and Software 
Contemporary wearable environmental hardware demonstrates robust analytical efficacy in quantifying 

critical asthma precipitants, including particulate matter (PM2.5, PM10), nitrogen dioxide (NO2), and ambient 

ozone (O3) [8]. These sensors interface directly with separate physiological tracking modules to continuously 

monitor objective biological markers, such as heart rate and respiration rate, synthesizing interpretable 

biometric data within real-world contexts. The progressive miniaturization of this unobtrusive sensing 

technology facilitates the concurrent measurement of multi-domain parameters during routine daily activities, 

yielding a comprehensive profile of the patient's acute respiratory burden [9]. Integrated mobile health 

platforms subsequently utilize these synchronized data streams to predict the risk of asthma exacerbations with 

precision, optimizing patient outcomes through proactive clinical interventions. Furthermore, wearable air 

quality sensors resolve spatial data deficiencies, permitting localized measurements across microenvironments 

that conventional regulatory instruments cannot profile [10]. 

1.3 Calibration Challenges and Sensor Drift 
Despite substantial clinical utility, the large-scale deployment of wearable environmental sensors is 

constrained by persistent engineering and calibration challenges. Low-cost optical and electrochemical 

components exhibit documented vulnerabilities to environmental dependency, where humidity and 

temperature variations inadvertently distort the accuracy of particulate and gaseous readings [8]. Additionally, 

progressive sensor drift over extended use periods and chemical cross-sensitivity to non-target gaseous 

compounds undermine longitudinal measurement stability. These hardware limitations necessitate the 

implementation of rigorous, dynamic calibration protocols and frequent cross-validation against reference-

grade stationary monitors to maintain functional accuracy [9]. Due to the complexities of mapping intra-urban 

particulate matter distribution, securing data integrity requires specialized retrieval mechanisms or stringent 

computational filtering models to eliminate ambient measurement noise [10]. Consequently, while wearable 

platforms expand the capabilities of personal exposure monitoring, their integration into formal pediatric 

clinical care requires persistent algorithmic validation and context-specific hardware calibration. 

2. Clinical Impact on Pediatric Asthma Exacerbations and Predictive Modeling 

2.1 Continuous Remote Monitoring and Healthcare Utilization 
The transition from intermittent, clinic-based evaluation to continuous remote monitoring yields 

measurable improvements in pediatric asthma control and longitudinal disease management. Deploying digital 

health platforms equipped with wearable sensors facilitates the real-time tracking of environmental precipitants, 

medication adherence, and respiratory mechanics, effectively bridging the translational gap between isolated 

data collection and clinical outcomes [11]. Longitudinal cohort analyses of pediatric patients utilizing remote 

monitoring systems with integrated digital action plans demonstrate statistically significant reductions in acute 

healthcare utilization. Specifically, the continuous assessment of localized exposure and physiological 

parameters correlates with a decreased incidence rate for unscheduled outpatient visits, emergency department 

admissions, and inpatient hospitalizations [12]. By supplying pediatric pulmonologists with high-resolution 

data regarding acute symptom onset and the frequency of rescue medication utilization, these remote platforms 

enable proactive adjustments to pharmacological regimens. As continuous monitoring limits the progression 

of moderate respiratory distress into severe exacerbations, integrating sensor-based digital health technology 

transitions asthma management toward a preventive model, thereby optimizing clinical resource allocation in 
urban healthcare settings. 

2.2 Machine Learning for Exacerbation Prediction 
To effectively process the immense volume of multidimensional data generated by continuous personal 

exposome monitoring, machine learning (ML) algorithms are increasingly deployed to anticipate acute asthma 

attacks prior to clinical manifestation. Traditional risk assessment frameworks rely heavily on static 

physiological markers, generic ambient air quality indices, and historical exacerbation frequencies. In contrast, 

predictive ML models ingest dynamic, continuous sensor inputs, including variables such as peak inspiratory 

flow, inhalation volume, rescue inhaler actuation frequency, and microenvironmental pollutant concentrations, 

to detect subtle, subclinical deviations in respiratory function [13]. These algorithms frequently utilize 

advanced computational techniques, such as gradient-boosting trees or artificial neural networks, to weigh 

disparate individual risk factors and compute localized exacerbation probabilities over immediate temporal 

windows. Within pediatric applications, these computational approaches facilitate the identification of 
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complex, latent asthma phenotypes by analyzing the temporal interactions between shifting environmental 

exposures and individual respiratory patterns [14]. By continuously updating their predictive thresholds 

through longitudinal data accretion, these models provide individualized, data-driven alerts, permitting timely 

clinical interventions that preempt emergency department visits. 

2.3 Generation of Interpretable Digital Biomarkers 
The convergence of predictive modeling with wearable environmental and physiological sensors 

enhances the generation of interpretable biomarkers, operationalizing the personal exposome concepts 

established in recent digital health research. While conventional biological markers such as fractional exhaled 

nitric oxide or peripheral blood eosinophil counts require discrete clinical or laboratory assessment, sensor-

derived measurements function as continuous, non-invasive digital biomarkers. These digital indices quantify 

the immediate physiological impact of acute environmental exposures, mapping near-instantaneous alterations 

in respiration rate or inhaler reliance to specific, localized spikes in particulate matter or ambient ozone. By 

cross-referencing these high-resolution environmental variables against simultaneous physiological responses, 

ML algorithms construct a comprehensive, patient-specific susceptibility profile [14]. The synthesis of these 

continuous biometric and environmental data streams generates highly actionable clinical insights that inform 

targeted, precision-medicine therapeutic adjustments [11]. Consequently, the systematic application of these 
interpretable biomarkers refines the precision of pediatric asthma management, mitigating the frequency of 

severe, environmentally triggered exacerbations while sustaining optimal, long-term disease control across 

vulnerable patient demographics [12]. 

3. Socioeconomic Barriers to Adoption in Marginalized Urban Demographics 

3.1 Direct and Hidden Costs of Sensor Adoption 
Relying on digital health interventions risks widening existing health disparities if structural inclusivity 

is not prioritized. Socioeconomic barriers systematically limit the adoption of continuous monitoring platforms 

among marginalized urban populations, who disproportionately experience the highest pediatric asthma 

disease burden. Despite the clinical efficacy of individual-level microenvironmental tracking, structural 

economic constraints impede equitable access. The direct procurement costs of integrated, medical-grade 

sensors and remote patient monitoring (RPM) hardware remain largely prohibitive for socioeconomically 

disadvantaged families, particularly in healthcare systems where preventive digital tools lack comprehensive 

reimbursement parity compared to acute interventions [15]. Beyond the initial capital required for hardware 

acquisition, sustained digital health utilization generates recurring hidden financial burdens. Wearable 

microenvironmental systems inherently depend on modern cellular architecture to function as active data hubs. 

Consequently, patients must possess contemporary smartphones with compatible operating systems and 

maintain robust mobile data plans to facilitate continuous data transmission. Low-income households 

frequently encounter restrictive broadband data caps, intermittent internet access, and premature device 

obsolescence, rendering the high-frequency synchronization of complex environmental data technically 

unviable and further fragmenting long-term asthma management [16]. 

3.2 Digital Literacy and User-Experience Limitations 
The successful translation of mobile health platforms into actionable pediatric asthma care is 

concurrently limited by disparities in digital literacy and structural deficiencies in application design. Complex 

navigational architectures, dense data visualizations, and high health-literacy requirements impose an 

excessive cognitive burden on caregivers in under-resourced communities who may lack specialized digital 

training [17]. Furthermore, the conspicuous absence of comprehensive multilingual functionality within 

dominant health applications isolates non-native and diverse ethnic populations, severely limiting their 

capacity to interpret real-time exposure feedback or execute clinical action plans [16]. For caregivers subjected 

to extreme time scarcity, often balancing multiple employments and demanding socioeconomic pressures, the 

temporal load required to configure sensor connectivity, calibrate optical hardware, and manually annotate 

digital symptom diaries diminishes sustained engagement. Unless interventions incorporate culturally adapted, 

human-centered design principles that minimize user friction, digital health tools risk alienating the most 

vulnerable pediatric cohorts and subsequently widening the digital health divide [18]. 

3.3 Privacy Concerns and Medical Mistrust 
The continuous, pervasive acquisition of multidimensional patient data including precise GPS-tracked 

microenvironmental locations, continuous physiological biometrics, and behavioral metadata introduces 
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profound privacy and ethical vulnerabilities. Within historically marginalized urban populations that have 

experienced systemic inequities, persistent spatial and biological surveillance frequently triggers legitimate 

privacy concerns, thereby amplifying pre-existing medical mistrust [18]. The prevailing ambiguity 

surrounding third-party data governance, proprietary algorithmic processing, and the potential 

commercialization of high-resolution geospatial health metrics substantially reduces caregiver willingness to 

authorize the deployment of continuous monitoring platforms. Caregivers routinely express specific 

apprehension regarding the cybersecurity of pediatric biological data, fearing potential exposure or misuse by 

non-clinical, commercial entities [17]. To dismantle these structural barriers and foster robust adoption, digital 

health deployments must integrate transparent, decentralized data governance frameworks that explicitly 

guarantee patient sovereignty. Establishing this transparency is essential to ensure that the diagnostic utility of 

wearable sensors does not inadvertently compromise the digital rights and privacy of vulnerable communities 

[15]. 

4. Strategies for Structural Inclusivity and Equitable Implementation 

4.1 Policy Changes and Insurance Reimbursement Models 
To prevent the expansion of existing health disparities, the integration of wearable environmental 

sensors in pediatric asthma management necessitates comprehensive policy reform and modernized insurance 

reimbursement frameworks. Currently, socioeconomic barriers systematically limit the adoption of these 

platforms, restricting access among marginalized populations who experience the highest disease burden. 

Transitioning continuous microenvironmental monitoring from out-of-pocket wellness tracking to 

standardized prescription digital therapeutics (DTx) requires public and private payers to establish definitive 

reimbursement pathways [19]. By classifying wearable diagnostic systems and integrated mobile health 

platforms as reimbursable medical devices, healthcare systems can subsidize the direct capital and hidden 

connectivity costs associated with their utilization. Furthermore, value-based care models must incentivize the 

adoption of remote patient monitoring in under-resourced urban settings, thereby shifting the financial focus 

from acute emergency interventions toward proactive, technology-driven disease prevention and long-term 

respiratory management [20]. 

4.2 Community-Based Participatory Research (CBPR) Designs 
Achieving structural inclusivity requires redefining the development lifecycle of digital health 

interventions through community-based participatory research (CBPR) frameworks. Historically, remote 

monitoring platforms have been engineered without sufficient input from the diverse demographics they intend 

to serve, resulting in culturally dissonant interfaces, high health-literacy demands, and elevated clinical 

attrition rates. CBPR methodologies correct this structural disparity by directly involving urban pediatric 

patients, caregivers, and local stakeholders in the iterative co-design and validation of wearable technologies 

[21]. Through human-centered design principles, academic-community partnerships ensure that sensor 

applications feature language-inclusive architectures, culturally adapted clinical action plans, and minimized 

digital friction. This collaborative paradigm decentralizes development, fostering institutional trust and 

mitigating privacy concerns by empowering vulnerable populations as active co-creators of their digital health 

tools rather than passive data subjects. 

4.3 Translating Contextual Exposure Knowledge into Action 
Finally, integrating digital health technologies must transcend the mere generation of aggregated 

biometric data to produce actionable, community-level public health interventions. Wearable sensors excel at 

profiling individual microenvironmental contexts and precise triggers; however, if structural inclusivity is not 

prioritized, generating aggregate data supersedes the utilization of contextual exposure knowledge. To achieve 

meaningful environmental justice, this granular exposure data must directly inform broader policy and 

structural interventions [22]. Public health infrastructure must leverage the anonymized, high-resolution sensor 

data to identify hyper-local pollution clusters and mandate targeted neighborhood-level remediation efforts. 

Such interventions include implementing localized traffic rerouting, revising urban zoning ordinances, and 

retrofitting public housing infrastructure with advanced air filtration systems. By translating personalized 

contextual exposure metrics into collective public health action, these digital monitoring technologies address 

the foundational structural determinants of pediatric asthma, ensuring that technological integration directly 

correlates with equitable, population-level health improvements. 
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Discussion 
The integration of continuous wearable environmental sensors and mobile health platforms signifies a 

methodological transition in pediatric asthma management, shifting clinical frameworks from intermittent, 

reactive evaluation to continuous, predictive modeling. The analytical efficacy of microenvironmental tracking, 

coupled with machine learning algorithms, quantifies the localized personal exposome, providing high-

resolution spatiotemporal data that static ambient monitors obscure [3]. By generating continuous, 

interpretable digital biomarkers, these interventions enable clinicians to anticipate acute respiratory 

exacerbations prior to clinical manifestation, optimizing pharmacological regimens and reducing unscheduled 

emergency department utilization [23]. The translation of dynamic biological and environmental data streams 

into actionable clinical insights validates the technological and clinical efficacy of continuous remote 

monitoring [4, 6]. 

Despite demonstrated efficacy, the findings underscore a profound dichotomy between clinical potential 

and socioeconomic viability. The deployment of predictive platforms risks exacerbating pre-existing health 

disparities if structural inclusivity remains unaddressed [7]. The high disease burden of pediatric asthma 

disproportionately affects minority and low-income demographics [1], yet these populations face systemic 

barriers to digital health adoption. Direct hardware costs, digital literacy constraints, and the prerequisite for 

continuous mobile broadband connectivity establish exclusionary boundaries. Furthermore, privacy concerns 

regarding persistent geospatial and physiological surveillance amplify medical mistrust among marginalized 

urban communities. Generating aggregate digital health data without integrating localized contextual exposure 

knowledge fails to support the pediatric cohorts most susceptible to severe, environmentally driven 

exacerbations. 

To mitigate these disparities, the equitable implementation of wearable asthma management systems 

necessitates structural policy reforms. Digital health interventions must be classified within standardized 

prescription digital therapeutics reimbursement frameworks to offset financial barriers [24]. Furthermore, 

community-based participatory research designs are required to ensure that sensor interfaces and clinical action 

plans are culturally adapted and linguistically accessible. Translating granular microenvironmental exposure 

data into targeted, community-level public health interventions such as housing infrastructure remediation and 

localized emission controls ensures that these technologies fulfill their intended objective of advancing both 

individual respiratory outcomes and population-level health equity. 

Conclusions 
The integration of wearable environmental sensors and mobile health platforms provides substantial 

clinical utility in pediatric asthma management by enabling continuous microenvironmental tracking and the 

predictive modeling of acute exacerbations. The synthesis of concurrent physiological and environmental data 

facilitates the generation of actionable digital biomarkers, optimizing remote clinical interventions and 

objectively reducing acute healthcare utilization. However, profound socioeconomic barriers, including 

prohibitive direct and hidden financial costs, limited digital literacy, and valid privacy concerns, restrict the 

equitable deployment of these technologies among marginalized urban populations. Consequently, the reliance 

on advanced digital health interventions risks widening existing structural health disparities if inclusive access 

and cultural adaptation are not explicitly prioritized. 

To bridge the gap between technological efficacy and health equity, future research must prioritize the 

longitudinal evaluation of community-based participatory research methodologies in the design and 
implementation of inclusive, culturally adapted digital health tools. Prospective studies should quantify the 

health economic outcomes of integrating wearable asthma monitors into value-based reimbursement 

frameworks as prescription digital therapeutics. Furthermore, interdisciplinary investigations are required to 

determine how aggregated, sensor-derived microenvironmental data can most effectively inform structural 

public health interventions, ensuring that individualized digital monitoring translates into localized 

environmental remediation and equitable, population-level respiratory outcomes. 
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