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Specific Aims
Asthma is a chronic inflammatory airway disease that leads to episodic symptom exacerbations, which extoll a substantial burden on the patients’ well-being and can be life threatening if not controlled adequately. Prevalence rates have increased in the past decade, with 8.4% (25.7 million people) of the United States population now suffering from asthma (CDC, 2012). In children, asthma is the most common chronic disease, affecting 7.1 million children under 18 years in the United States Despite progress in the pharmacological treatment of asthma, overall asthma control remains unsatisfactory. Children in urban and minority populations are disproportionally affected by asthma and their levels of asthma control remains particularly low. Current asthma treatment guidelines explicitly recognize that disease self-management by the patient and their families is an important cornerstone of an integrated asthma treatment. A core element of asthma self-management is trigger avoidance. Symptoms and exacerbations often occur due to a variety of exogenous and endogenous triggers, which include allergens, air pollution, strenuous physical activity, and emotional stress. Patients vary in their susceptibility to these trigger factors and exposure to multiple triggers is a particular burden for patients in urban and economically disadvantaged neighborhoods. Gaining control over individually relevant trigger factors is a key element of most asthma self-management programs. 
Although elaborate trigger avoidance modules have been developed and distributed by asthma guidelines, professional allergy and pulmonology organizations, and patient advocacy groups, their actual implementation has had mixed success. Problems lie in the variety of potential triggers, lack of systematic monitoring of triggers, and lack of trigger awareness on the patients’ side. Furthermore, unobtrusive physiological monitors for conditions like hypocapnia and hypocarbia, often associated with asthma, are also missing. In response to the RFA-EB-15-002, this project addresses the urgent need for monitoring several classes of asthma triggers in adolescent patients, both environmental and physiological. 
The goal of this proposal is to develop a comprehensive monitoring system that will allow simultaneous monitoring of critical environmental triggers of asthma symptoms and/or exacerbations as well as real-time physiological status of pediatric asthma patients. This will provide patients with objective information about their momentary trigger exposure with the potential to guide personalized trigger avoidance strategies and will better inform research about the factors that underlie asthma symptoms/exacerbation in daily life.  [image: ]
Figure1. System for monitoring of environmental triggers and physiological status of pediatric asthma patients

To achieve the goal, we will pursue the following specific aims: 
1. Development and validation of a compact environmental logger. The sensor will be based on monitoring light scattering by particulate matter (PM), a critical environmental factor for pediatric asthma. The type of allergenes (PM2.5, smoke, pollen, dust mites, mold) will be identified via a rapid on-line classification system. The PM will also be captured on a sampling substrate for further off-line identification and quantification of specific known asthma triggers.
2. Development and validation of a compact physiological tpCO2 monitor in pediatric patients. The sensor will measure hypocarbia non-invasively and unobtrusively. It is based on a novel, patient-friendly measurement principle. The sensor will be designed to achieve minimum weight and power consumption and maximum patient comfort. The sensor will be validated against standard blood gas analysis and end-tidal tpCO2 under standard laboratory protocol. 
3. Integration of existing activity (movement) and physiological sensors (heart rate and breathing) into the system. An app will be designed to simultaneously record accelerometer data for physical activity utilizing data streams from existing devices (FitBit or similar). The data from the sensors described in SA1 and SA2 will be also received via Bluetooth and logged with a time stamp. The data will be formatted for easy interface with the PRISMS applications.
4. System integration and acceptability/user-friendliness will be tested in a small pilot study. Adolescents with allergic asthma and healthy controls will be recruited for testing individual components and the integrated system at the collaborating SMU site using behavioral laboratory protocols and extended field observations.
To develop the noninvasive system, we have assembled a unique and closely knit multidisciplinary team of engineers, physicians, and health psychologists. We will also be guided by and work closely with a strong External Advisory Committee and program staff at the NIBIB (and potentially, NICHD) at all stages of the project.
Significance
A1. The Burden of Asthma
Asthma is a chronic inflammatory airway disease that leads to episodic symptom exacerbations. This can extoll a substantial burden on the patients’ well-being and can be life threatening if not controlled adequately. Approximately 300 million people worldwide suffer from asthma, including 25.7 million in the US alone [1,2]. Asthma is one of the most common chronic diseases and continues to increase in prevalence in the past several decades. In children, asthma is the most common chronic disease, affecting 7.1 million children under 18 years in the US [2]. Children from minority populations and socioeconomically disadvantaged backgrounds are disproportionally affected by asthma [3] and their levels of asthma control remains particularly low [4,5]. Asthma-related morbidity and death highlight the need for better control and prevention methods. With approximately $56 billion each year in direct health care costs and lost productivity [6], the economic costs of asthma are significant, as are the costs to the sufferer’s well-being. Although great improvements in the medical treatment of asthma have been made, overall control of this disease remains unsatisfactory. 
A2. Self-Management of Asthma: The Role of Trigger Avoidance
Self-management of asthma by the patients, and where appropriate by their families, is key to a successful long-term treatment of asthma [7,8].  It substantially contributes to the goal of asthma treatment, which is the maintenance of a good control over asthma symptoms and a reduction in risk for exacerbations. Key element of self-management are environmental control or trigger avoidance measures, which help prevent exposure to stimuli that can trigger a worsening of symptoms or exacerbations of asthma. A variety of exogenous and endogenous triggers are precipitating factors of asthma symptoms, including allergens, air pollution, strenuous physical activity, and emotional stress [7,8]. Elaborate behavioral and environmental control measures have been devised for asthma patients to avoid triggers [e.g., 2,9-11], although they typically focus on allergens [e.g., 2, p. 188]. However, routine asthma care rarely addresses proactive trigger avoidance systematically [12]. Studies of single trigger avoidance interventions show inconsistent results [13-15]. Limitations of this approach lie in the complexity of potential trigger effects, the artificiality of the programs, and a lack of individual tailoring of avoidance measures. 
We (Co-I Ritz) have previously tested an individualized approach to asthma trigger avoidance in a one-session intervention in primary care [9,17]. Using a validated asthma trigger questionnaire and standard instructions for trigger avoidance, patients received individualized recommendations to be implemented in daily life. Two clinical trials in primary care showed promising results, but improvements were limited to lung function in the larger trial [17]. The addition of skin testing for allergies showed that many patients were not aware of the full extent of their sensitization, in particular to triggers like pollen and molds. What has been missing in these and other studies is a continuous monitoring of environmental and endogenous (e.g., dysfunctional breathing patterns, emotional stress) trigger factors to learn about associations between individually relevant triggers and symptoms. The identification of such contingencies is the prerequisite for implementing economic and effective trigger avoidance strategies in patients’ daily life. The proposed project aims to design and pilot-test a wearable monitoring system that will help the patient identify and continuously track some of the major asthma trigger classes.
A3. Asthma Trigger Classes and their Assessment
We (Co-I Ritz and collaborators) have studied patients’ perceptions of asthma triggers of major trigger classes, including animal and pollen allergens, air pollution, physical activity, infections, and psychological factors [18-21]. Significant relationships were found with objective vulnerability or trigger factors, e.g. with allergy skin testing or airway obstruction to emotional stimuli in laboratory protocols [18,19,22]. However, observed associations remained modest because patients’ trigger perceptions often reflect more attributions of symptoms to causes than actually observed contingencies. The present proposal will focus on airborne allergic triggers as well as non-allergic triggers, in particular air pollutants, climate, physical activity, emotions and stress, and dysfunctional breathing patterns. The aim is to integrate monitoring of these trigger classes into a wearable device to aide patient self-management.
Allergens, including animal dander, pollen from plants, house dust mites, cockroaches, and molds, are well-accepted in their role as precipitants of persistent airway inflammation, asthma symptoms, and exacerbations [1,2]. Exposure to pets is easier to identify [18,20]; however the impact of less visible aeroallergens is more difficult to discern and associations with skin-test results tend to be low [18,20,23]. These allergens are typically identified by collecting airborne particulate matter (PM) with subsequent immunoanalysis [D1]. At present, there are no real-time, wearable devices that can detect the type of the airborne particulates. 
Although allergens play an important role in asthma and the dominant pathophysiological model of asthma is focused on allergen-mediated airway inflammation, at least 40-50 percent of asthma cases have been determined being the non-atopic phenotype [24]. 
A large proportion of asthma patients are affected by exercise-induced asthma [25]. Considerable misconceptions exist as to whether physical activity is beneficial and safe, and patients are inclined to lead a sedentary life [26,27]. A diary study with spirometry (conducted by Co-I Ritz) found that higher levels of daily physical activity were associated with better lung function (controlled for bronchodilator use) but elevated symptom ratings in patients [28]. There are many activity trackers (i.e.FitBit, etc.), but their information is difficult to use without simultaneous tracking of the occurrence of symptoms and/or the physiological status.
Exposure to indoor/outdoor air pollution, in particular particulate matter ≤10 micrometers (PM10) has been established a major contributor to asthma symptoms, emergency room visits, and hospitalizations [2,29,30].The role of indoor pollutants such as smoke from cigarettes in compromising asthma control especially in children has also been highlighted [2, 31,32]. Detection of such pollutants in the environment is typically difficult for patients and their families. Most existing devices (i.e. smoke detectors) have entirely different purpose. They are neither wearable, nor they provide any continuous, long term recording capabilities. 
Climate or meteorological variables such as temperature and humidity can have adverse effects on asthma [30,33], in particular in interaction with physical activity and stronger ventilation [25] or allergens [34]. Patients report these factors frequently among their personally most relevant asthma triggers [19]. However, personal temperature and humidity loggers are non-existent.
Emotions and stress have been known for some time to trigger airway obstruction, symptoms, and asthma exacerbations (for reviews, see 35,36). Reports of psychological triggers have been linked to suboptimal asthma control, lower quality of life, and higher frequency of exacerbations and emergency treatments, even when controlling for asthma severity, other trigger factors, and psychopathology [21,37]. Determining the impact of these triggers is difficult for patients in daily life given the complexity of psychological experiences and social interactions. However, monitoring endogenous pathways of stress- and emotion-induced asthma symptoms, such as vagal excitation [20] and hyperventilation [38,39], could potentially help patients to develop a better understanding of contingencies and individual vulnerabilities and thus aide future prevention measures by suitable coping techniques, relaxation, or avoidance. Devices that measure these parameters are scarce and rarely comfortable to wear. Specifically, continuous breathing rate measurement requires the patient to wear elastic bands around the chest. Breathing volume measurement is typically done at doctor’s office.
Particular breathing patterns promote asthma symptoms independent from emotional or stressful situations. Hyperventilation, or lower than normal carbon dioxide levels, are common in asthma [40,41], lead to reflex bronchoconstriction [42] and are associated with airway hyperresponsiveness [43]. Hyperpnea (or eucapnic hyperventilation) has been established as the major pathway for exercise-induced asthma symptoms through its capacity to lead to airway drying and/or cooling [25]. Controlling this trigger class can lead to major improvements in asthma outcomes, as shown in clinical trials of breathing training in asthma [44,45]. However, wearable unobtrusive sensor for carbon dioxide has yet to be demonstrated. 
In short, there is a great need for an integrated system capable of monitoring a wide span of asthma triggers.
Innovation
We are proposing to develop comprehensive wearable asthma trigger monitoring system. It will enable objective recording during the occurrence of a number of environmental and physiological triggers. In particular, the system will target the identification and quantification of smoke, pollen, dust mites and mold spores, as well as other particulates. It will be have the capability of detecting and recognizing hypocapnia, physical activity, respiration rate and heart rate. Physical environmental parameters (temperature, humidity) will be also monitored. The data will be saved and transferred in a format that enables easy interface with the other PRISMS modules, as outlined in RFA-EB-15-03 and RFA-EB-15-04.
This project is innovative in a number of ways. It is:
1. Enabling Comprehensive Asthma Trigger Monitoring Using Wearable Multi-sensor System. 
At present, there is no integrated wearable system capable of detecting and integrating the data about wide variety of asthma triggers. The proposed system addresses the problem by monitoring both environmental and physiological triggers. The system will be capable of directly interfacing with the other components of PRISMS program via cell phone app.
2. Preparing a Novel Approach to Environmental Control and Trigger Avoidance in Asthma
Many environmental control measures and trigger avoidance programs are out of reach and/or difficult to implement for the average asthma patient [15]. Intervention measures are often time consuming, unfeasible, or unaffordable for patients, and rarely supported by evidence [46]. Objective and dynamic information for patients about their actual level of exposure could drastically change that equation, by focusing avoidance measures on demonstrated sources of threat to the patients’ health. The proposed wearable system that tracks personal exposure to triggers will advance the field significantly by redefining the approach to trigger control in asthma management. It will significantly advance personalized behavioral medicine in that it will allow patients and health care provides to focus on controlling or eradicating personally relevant triggers in patients’ daily life.
3. Enabling Major Advance in Knowledge about Trigger Dynamics in Asthma 
It will also advance understanding of the dynamics of trigger impact on asthma in children and adults in epidemiological and clinical research. Very little is known about synergistic or interactive effects of asthma triggers in daily life, although synergistic trigger effects have been documented [30,47-50] The proposed personal monitoring system, combined with established diary tools for symptom and lung function tracking [51], will for the first time allow longitudinal observations of single or combined trigger effects in real life.    
Approach	
SA1. Environmental sampling and logging.
Background
To achieve SA1, we will design a miniature, ultralow-power lightweight sampler capable of classifying potential asthma trigger particulates in the air. The sampler will consist of air pump, multispectral nephelopmeter, and particle trap. There are number of portable real-time particulate monitors on the market, based on nephelometry. Many are capable of measuring both the mass and the size fraction of the particulates. However, they cannot distinguish or classify particulates by other parameters then size; furthermore, the operational time on battery is short. Finally, the weight of even the most portable system is on the order of 1.5 kg (3 lb.), which makes it difficult for use as a wearable, especially among a pediatric cohort.
 It is possible to classify the particulates based on multispectral light scattering [C5, D2,D3, D4] Stationary device utilizing the approach was capable to correctly identify 3 different types of pollens. Therefore, in pursuit of SA1 we will design a miniature, ultralow-power lightweight multispectral nephelometer for the quantification and classification of air particulates.[image: ]
Figure 2. Particulate identification and measurement. R, G, B and IR – red, green, blue and infrared LEDs, VP – vertical polarizer, HP – horizontal polarizer, C – camera

Nephelometer
The heart of the sampler will be a camera-based nephelometer with an optical scheme presented in Figure 2. A miniature temperature and humidity sensor (3x3 mm, HTU21DF-Measurement specialties) will be embedded at the entrance of the sampling chamber. Air containing particulates will be directed past the temperature and humidity sensor as it enters the sampling chamber. There, it will be illuminated with polarized light with four different wavelength maxima (i.e., 405, 530, 620, 750 nm). LEDs will be used as the light sources. The 750 nm measurements will be used as a reference. The scattering will be picked up using a camera equipped with horizontally oriented polarizer. In this orientation, we will suppress the direct incidence of the light on the photodetector. This will decrease background and allow operation with a better signal-to-noise ratio, while decreasing the need for complicated optics. To avoid signal drift due to the accumulation of dust on the tube walls, the incoming stream will be enveloped in a sheath of air. The use of the camera will give us not only spectral scattering information, but also variation in movement of the particles – large ones, like pollen and mold, have different shapes between species and therefore will travel differently, generating different patterns in the images [D1].
The camera will be a photodiode array (i.e., UDT4x4D, OSI) interfaced directly with a fast, high-resolution, multichannel analog-to-digital converter (ADC, typically used for multichannel X-ray scintillation imagers). The LED light will be modulated so as to allow significant amplifications in AC regime, while rejecting DC drifts and offsets. The data will be digitized and accumulated in external EEPROM memory. As the array holds relatively fewer photodetectors, acquisition and analysis of the data will be straightforward. The lack of compression to JPG will allow for lossless analysis of the data. The use of an array instead of regular camera chip would also allow us to increase the resolution of the measurements from 8-bit up to 20 bit. This will result in a more accurate measurement of concentrations. A significant increase in speed without the changes in the power requirements will be achieved by direct interface with the photosensing elements. However, if the low spatial resolution proves to be an issue, we will switch to a monochrome camera chip, the type used in cell phones. 
We will use a system-on-a-chip (SoC) microcontroller with on-chip radio as controller, capable of Bluetooth 4.0 communication. (i.e. CC2541, Texas Instruments or similar). These microcontrollers are designed specifically for Internet-of-Things, so they are capable of long operational times at very low power budget with high level of security. The chips are also compatible with earlier versions of Bluetooth albeit at a higher power budget. The SoC is specifically designed for sensor use where the low power is a must.
We will use multi-wavelength scattering to quantify and classify the type of the observed particulates (smoke, pollen, dust or mold spores). For quantification, we will measure and save the intensity of the scattering, which correlates with the mass concentration of PM in the air [C3]. The data storage/controller will have a capacity to log at least 10,000 measurements (CC2541 has on-chip 128 kB flash memory, rewritable ~10,000 times), providing ~1.2 days of data storage at 10-s sample measurement times.
We will also analyze the image patterns formed on the photodiode array for classification of the particles. Different size particles scatter different wavelengths differently, with the short wavelengths creating denser patterns. [D1, D2]. Furthermore, the difference in two or more consecutive images would allow to detect direction and rate of the movement. As we we’ll use 4 different illuminators, the resulting difference in the direction of scattering will provide sub-pixel resolution. For classification of the patterns, we will implement a combination of multivariate statistical techniques - principle component analysis, discriminant function analysis, mean intensity, entropy, etc. The classification will be also stored.
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Figure 3. Air Pump. Top: Current pump with driver; Middle: Pump’s principle of operation; Bottom: Displacement by flexural motion 

Another critical component for the air sampler is the pump that is used for air intake. Typical air pump is fairly power hungry (several watts). Furthermore, the weight is also significant, and when the weight of the battery is added, the device still portable, but is difficult to wear as its weight (1-2 kg) becomes restrictive for movements. 
In our device, it is intended to utilize a newly developed, high-flow piezo blower (Murata MZB1001). The blower with dimensions 20x20x2 mm can move up to 0.8 liters of air/minute and is typically used for cooling of microprocessors. It is silent and has projected lifetime of 20 years. We already have developed pumping driver and module (Figure 3, top) with approximate volume of 0.5 cubic inch. The module uses ~0.4W with 5 V power supply and is capable of operating up to 30 hours from 3000 mA cell phone battery. 
While this module will be used in the beginning, we intend to develop a significantly more power-efficient pump. The principle of operation of the piezo blower relies on the difference of pulling and pushing the air (Figure 3, middle) achieved by the displacement generated by vibrating piezoelectric disc.
We intend to utilize a new approach [D5] to generation of vertical displacement using less power. By placing caps on the piezo disk, it is possible to convert the lateral expansion and contraction into vertical movement. (Figure 3, bottom). This type of motion is termed flexural motion (D6, D7, D8). In this way [D9] the same displacement is achieved using only 10% of the power needed for the standard approach. 
We will re-engineer the piezo pump by equipping the piezo disk with caps and repositioning it in such way that now the cap plays the role of the piezo disk in the pump. We will optimize the dimensions of the cap using a COMSOL model. The material of the cap will be selected so as to minimize the electrochemical migration of the piezo disk contacts. In our approach, we expect to be able to obtain a piezo pump that operates from 2 V instead of 20V, consuming only 20-40mW of power. This would enable the continuous pump operation for 2 or more weeks, or allow for using of more than one pump - either for other sensors, or for achieving higher pressure. 
Particle Trap
The proposed nephelometer is intended for real-time classification. Its operation will have to be verified using the existing techniques, which rely of particle collection together with immunological analysis. Therefore, the air exiting the nephelometer will be passed via air particulate trap. It will consist of a plastic coupon, in which a micro fluidic channel with multiple turns is manufactured. The size of the coupon will be ~1x1”, making it sufficiently small and lightweight for carrying while having big enough dimensions for handling. The microfluidic channel will be covered by a thin layer of glycerol, and it will feature multiple turns. The layer will be deposited by filling up the channel and then removing it with pressurized air. 
When traveling down the microfluidic channel, the particulates will be subjected to the Coriolis force at the turns; touching the channel walls would result in capture of the particle. Not all particles will be captured; however, we expect the captured to be a representative sample of the air particulates. The particles will be removed by simple flushing the coupon with water and captured by filtering with 0.2 mm filter for subsequent ELISA analysis. We will develop coupons that can be used up to a week. Many channels can be generated on a single coupon, and they could be sequentially used (switching from a used channel to a fresh one with a valve). The material in the coupon will be analyzed by immunoanalysis. The results will be used to verify the operation of the sampler.
Validation of the Sampler
The PM sensor developed in Aim 1 will be validated according to a comprehensive testing plan that ensures its performance across the wide range of conditions that may be encountered during its real-world deployment.  The in situ PM measurement and the off-line filter measurements will be validated.  The validation plan will ensure that the sensor can measure the full range of particulate asthma triggers, which vary in size from ultrafine (PM < 0.1 µm) to fine (PM < 2.5 µm) to coarse (PM < 10 µm) modes.  The plan will encompass controlled laboratory generation experiments, as well as real-world sampling in a variety of conditions and locations such that the following array of particulate asthma triggers are included: smoke, dust, cooking emissions, pollen, and ambient air particulates. As a proof of principle, Ragweed and Paper Mulberry pollen particles, as well as Cladosporium spores will be evaluated [D10, D11], as these are prominent coarse-mode PM allergens. In practice, a library of the pollen signatures specific to the region of use will be carried out prior to sensor deployment. 
Environmental Pollutants Calibration: Light scattering by fine particles is highly correlated to the particulate mass loading [C3], providing the physical basis for the proposed PM sensor. Numerous commercial PM instruments use this principle, as well.  The scattering/PM mass calibration slope will depend on specific features of the instrument design, including the sensitivity of the photodetector. The proposed instrument will be calibrated using aerosolized ISO 12103, A1 Test Dust (Powder Technology, Inc.) and simultaneous measurements with a DustTrak DRX instrument (model 8533, TSI, Inc.). The calibration will be carried out over the concentration range:  0.001-150 mg m-3.  This upper concentration range is an order of magnitude higher than the OSHA limit for occupational exposure to PM [C1], while the lower concentration is an order of magnitude below the NAAQS PM2.5 annual standard of 12 µg m-3.  Thus, the testing plan ensures that the sensor will be calibrated across the full range of PM concentrations that may be encountered by pediatric asthma patients, including those exposed to environmental tobacco smoke (ETS) in indoor locations [C8].    
Field Validation:  Once the light scattering to PM mass response is determined through laboratory calibrations, additional particle types will be sampled to ensure that the proposed sensor is capable of quantitatively measuring other particulate asthma triggers.  In addition to dust, which will be fully characterized through the calibration protocol, the laboratory testing will also include measurements of pollen and smoke [Lierl and Hornung, 2003; Delfino 2002].  Further indoor validation tests will be carried out in several residential kitchen environments, which can be a large source of indoor PM exposure [C8].  Outdoor testing will be conducted to validate the sensor’s capabilities to measure ambient air pollution particulates, which are an important contributor to pediatric asthma exacerbations [Strickland et al., 2010].  The outdoor testing will encompass a wide range of T and RH conditions to ensure sensor performance under variable environmental conditions.   The validation and calibration experiments will characterize the sensor’s ability to capture short periods of peak PM exposures, as may be encountered in the home during cooking activities [C2] or outside during intermittent exposures to vehicle exhaust [C4].  The proposed validation plan will also characterize the sensor’s measurement stability across longer time frames (days-to-weeks) and the required frequency of conducting background measurements of particle-free air using a HEPA filter.  Similar to the calibration protocol, the validation tests will include simultaneous side-by-side sampling with the DustTrak and the newly developed PM sensor.  
SA2. Wearable physiological pCO2 sensor
Background on transcutaneous CO2 rate sensor: It would be important to measure the arterial CO2 partial pressure, as hypocarbia can be considered as one of the asthma triggers [43]. Furthermore, pCO2 carries also important information about the physiological status of the patient, and it would be valuable to have it monitored continuously. We (Kostov/Rao) have developed proof of principle device that measures the transcutaneous diffusion rate of CO2. [D12] In essence, a sampling chamber is applied to the skin. It is flushed with nitrogen in order to remove the ambient CO2 from the chamber. As soon as the CO2 is removed (~30 seconds, confirmed by concentration measurements of the exhaust), a valve is switched and a pump starts recirculating the nitrogen between the sampling chamber and the CO2 sensor (Figure 4, top). At present, the sampling phase lasts ~2 minutes, but with miniaturization it could be decreased to a minute or less. The developed breadboard system is assembled from off-the shelf components and is housed in a suitcase (Figure 4, bottom), with a laptop providing the control and computing power. [image: ]
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Figure 4. Non-invasive tpCO2 sensor. Top: Operational principle. Middle: Correlation of tpCO2 wit arterial CO2. Bottom: Proof-of-concept tpCO2 sensor.

The increase of the CO2 concentration is monitored and the slope is calculated. The slope is known from Fick’s law as initial diffusion rate (IDR). We have shown in clinical trials that IDR linearly correlates with the arterial blood gas partial pressure (paCO2). The results of monitoring of 14 individuals are presented in Figure 4, middle. As could be seen, there is a linear correlation between the arterial blood gas concentration and the diffusion rate. The correlation improves with personal calibration. Importantly, we did a number of test on different parts of the body. Due to the differences in the skin properties, the slopes vary, but the patterns due to food and/or physical activity are essentially the same [D12]. Therefore, it is possible to attach the sensing head virtually to any part of the body to access the CO2 patterns. Furthermore, the measurement is performed at body temperature – no heating is of the skin required, which allows to perform the measurement for extended periods of time. 
Sensor miniaturization
The size of the current setup makes it impossible to use it in daily activity applications. The goal of SA2 is to miniaturize the sensor. The functional schematic of the sensor is shown in Figure 5, top. It consists of sampling chamber, gaseous CO2 monitor, a pair of three-port valves, pump, and nitrogen source.
A) Design minimally obtrusive sampling chamber. Current sampling chamber is held against the skin by hand. It will be redesigned to feature larger and flexible base which would be attached via adhesive to the surface of the skin. The sampling head will be made with minimum height to avoid possible interaction with clothing. 
B) Develop miniature, ultralow-power non-dispersive infrared (NDIR) CO2 monitor. Current gaseous CO2 monitor (Licor 820) uses a long straight line light path, bulky heaters for temperature control and big-size electronic components. It also features significant internal dead volume. We will miniaturize both the electronic components as well as the gas sampling cell. 
Miniaturization serves dual purpose: in addition to the increasing the user comfort, it also can enhance the parameters of sampling, which can lead to enhanced sensitivity. IDR, which is proportional to the concentration of the CO2, is measured as a rise of the CO2 concentration in the sampling system. The latter includes the sampling chamber, the connection tubing, the volume of the pump and the valves, as well as the volume of the sensor. Only the sampling chamber is actively contributing to the change of the CO2, as this is the only entrance point of CO2 in the sampling system. The rest can be considered dead volume. Therefore, any decrease of the dimensions of the aforementioned elements, leading to the decrease of the dead volume, will result in increase of the sensitivity.
There are significantly smaller NDIR CO2 monitors, however their resolution and range capabilities are inferior to LICOR. To develop miniature, dedicated high-resolution monitor, the light path will be folded in three using two gold plated mirrors (Figure 5, bottom).  At the ends, semiconductor light source and photodetector will be mounted. The pair operates at 4.3 µm, which coincides with the highest absorption of CO2. To remove water from the gas stream (the biggest source of interference with IR CO2 measurements), the gas will be directed through a capsule with desiccant. The LED will be pulsed at ~10 kHz with duty ratio of ~0.05 for 0.1s, and 1000 sequential measurements will be performed with the LED on and off. Digital lock-in technique will be utilized to determine the amplitude. This will help to decrease the noise of the measurement. The low duty ratio would minimize the power draw. The LED and the photodetector will be thermally stabilized. However, we will use the low thermal mass controllers so as to be able to turn them rapidly on and quickly achieve the required temperature only during the measurement. In this way, we will minimize the total power requirement for the sensor while still achieving high resolution measurement. The measurement will be performed using high-speed, low power ADC and the results will be accumulated and transmitted by a microcontroller. [image: ]
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Figure 5. Functional schematic of the rate-based CO2 sensor

C) An integral part of the sensor is the use of a recirculation pump that delivers the diffused CO2 to the sensor. We intend to utilize the same blower as in the sampling system. There will be a big synergy in also in the efforts to redesign the pump so as to decrease the overall power consumption.
D) Current design features chromatographic 3-port valve, which is bulky (6”x6”x4”) and power hungry. It will be replaced by a set of two latching single pole-double throw pneumatic valves for flow switching (1.5”x0.25”x0.25”, weight 5 g). The middle inputs of the valves will be connected to the pump-sampling chamber-CO2 sensor train. Two of the output positions will be connected to the recirculation loop, and the other two will be connected to the nitrogen source and exhaust, respectively. The use of the latching valves minimizes the power draw – the valves switch in 4 ms, after which they are powered down. The valves are able to operate from a set of AA batteries for 1.5 million cycles.
[bookmark: _GoBack]E) The sensors are required to operate with nitrogen source for flushing. As such, we will utilize pressurized gas cartridges (Leland Gas Technologies). When equipped with pressure reducer and shut-off needle valve, the gas stored in the pencil eraser sized cartridges (Figure 6) can be used to perform many hundreds of measurements. With slightly bigger cylinders (approximately the size of the CO2 cartridges in the home soda makers), several thousand measurements can be made. Commercially available pressure reducers and puncturing devices are widely available for these cartridges. We will utilize off-the-shelf solutions for the gas delivery as those have proven safety track record.[image: http://www.lelandgas.com/mini.jpg]
Figure 6. Miniature gas cartridges

[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK14]With the all parts of the system integrated, we will be able to design ultra-small wearable transcutaneous pCO2. It will rely on communication with the Bluetooth microcontroller being developed in SA1 for data transfer to a smartphone.
Validation
Validation will be performed in two stages. First, we’ll validate the non-invasive detection of hypocarbia as correlation with hypocapnia using the approach described in SA4. Once the miniature version is developed, it will be validated against the non-portable version as well as against an FDA-approved transcutaneous CO2 monitor (TCM-4, Radiometer). Validation will be performed with healthy volunteers by following the protocol as described in SA4. Unobtrusiveness and ease of use will be also evaluated. 
Specific Aim 3: Integration of existing activity (movement), inhaler usage, and physiological sensors (heart rate) into the system
Background and Significance
Activity is a key trigger of asthma, but significance of the type, intensity, duration, and/or frequency of activity[endnoteRef:1] vary per individual. In fact there are indications that lowered activity worsens the condition and increases the occurrence of asthma attacks[endnoteRef:2]. Typically, the onset of an asthma attack is noted (asthma attack), and since activity is a contributing trigger we have rich information on activity which is performed before a given attack.  However, in addition to these observed and logged triggers, it is as important to study activity whenever an asthma attack does not occur.  This longitudinal data is required to correctly identify the specific attributes of the activity or patterns and combinations of trigger conditions most correlated with an attack (symptom associations)   [1:  https://www.nhlbi.nih.gov/files/docs/public/lung/phy_asth.pdf]  [2:  http://www.ncbi.nlm.nih.gov/pubmed/15867847 “Physical activity and exercise in asthma: relevance to etiology and treatment.”] 
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Figure 7. Data from multiple sensors from the activity and fitness tracker to determine activity, inhaler usage, and heart rate

The use of the inhaler is another key variable in the onset of asthma, thus it is also crucial to have this information logged.  For instance, people with asthma often take a dosage upon the onset of mild symptoms in order to curb an attack. It is important to collect data on medication use to fully isolate the conditions in the context of this use and properly construct symptom associations. The use of an inhaler can also be a symptom, as use can be an unintended report of perceived physiological conditions, aiding manual symptom diaries. Medication usage can be seen as an outcome variable (e.g., need for bronchodilator use as a classical sign of compromised asthma control), but in the case of maintenance medication also as a trigger (if not taken exacerbations are more likely).
There is a plethora of  commerically available and wearable activity and fitness trackers (FitBit, Apple watch, and Microsoft band). Of these we will use the Microsoft band to monitor activity such as walking, exercising, running, and sleeping, and in-built IR sensors for heart rate monitoring. We will also use the in built micro-phone and the inertial sensors to detect when an inhaler is being used. Additionally, we will develop a novel high-frequency micro-radar system that is wearable as a pendant to monitoring breathing rate and type of breathing.
Monitoring application: Our monitoring and data collection system will comprise of the Microsoft band that will measure activity and inhaler usage and a custom micro-radar sensor for measuring breathing attributes. The overall system architecture for tracking activity and inhaler usage using the band is illustrated in Figure 7.
Tracking Activity: Existing smart watches and activity bands house accelerometers, GPS units, and gyroscopes. The inertial sensors and the GPS unit will be used for determining movement based activities and their intensities. The key idea is to collect time synchronized data from these inertial sensors and use supervised classification techniques such as Hidden Markov Models [X] or Bayesian Inference [Y] to determine the activity being performed. Attributes such the intensity of an activity can be determined through the level of movements captured from the inertial sensors. Figure 3 illustrates the steps of converting raw accelerometer and gyroscope data to activities. We will compare our classification accuracy with proprietary classification algorithms built into smart watches and fitness trackers.
Tracking inhaler usage: Electronic sensors for inhalers exist (e.g. Medtrac), but their reliability has varied and they were only suitable for a limited range of products [endnoteRef:3],[endnoteRef:4].  Additionally, these inhalers are not integrated in a more comprehensive monitoring system, as proposed in this project. We propose to track inhaler usage using  a combination of inertial sensors, NFC tags, and micro-phones. Inertial sensors, NFC readers and micro-phones are pervasive in activity trackers like the Android watch and the Microsoft band. Activity sensors have been used to track hand-washing in a hospital setting[endnoteRef:5]. Our key idea is to fuse data from the micro-phone, NFC reader, and the inertial sensors to determine usage of the inhaler. While the simplest solution to detecting inhaler usage would be to perform a full sound recording from a Microsoft band, both battery life and privacy concerns for the user and the people around them would be two major deterrents. Our idea is to use the NFC reader and the inertial sensors as triggers for recording microphone data for analyzing usage of the inhaler. For instance, the orientation of the hand along with the timing of motion is somewhat unique to inhaler usage. With the full sound recording saved at those times, they could be later reviewed and analyzed to determine inhaler usage. There are several interesting research questions the needs to be address. For example, optimizing audio feature extraction and storage to obfuscate voice needs to be determined, and the minimal set of audio features that must be used to trigger full processing must also be determined. [3:  Reliability of the Medtrac MDI Chronolog. http://www.ncbi.nlm.nih.gov/pubmed/9338542]  [4:  http://propellerhealth.com/]  [5:  “Hand hygiene duration and technique recognition using wrist-worn sensors” http://dl.acm.org/citation.cfm?id=2737106] 

Tracking breathing attributes:  To track breathing rate, we propose to use a single micro-doppler radar built into a pendant, shown in Figure 8, left. This approach is an extension of our existing technique to detect tongue gestures [xx]. The radar senses movements using the principle of Doppler effect. The Doppler effect (or Doppler shift) is the difference between the observed frequency and the emitted frequency of a reflected wave when an object moves relative to the source generating the waves. Assuming the source and destination are co-located on the radar, the received frequency is higher than the emitted frequency when the object moves towards the radar. Inversely, the received frequency is lower than the emitted frequency when the object moves away from the source. For measuring breathing rate, the movement measured is skin movement relative to the micro-radar. The inward and outward movement of the torso when a user breathes will be captured by the radar. If fr is the frequency of the received wave, ft is the frequency of the transmitted wave, v is the velocity of the moving target object (inward and outward movement of the torso), and c is the speed of light, then the following equation can be used to quantify the relationship between fr  and ft  is approximately equal to 2·v/c when v ≪ c. This frequency shift and can be used to determine the number of breaths per minute and the amount of air intake. It can also be used to classify breathing types such as hyperventilation. [image: ] [image: ] [image: ]
Figure 8. Micro-radar sensor that will be built into a pendant for measuring breathing rate.

As the wearable system will detect breathing rate in real-time, it needs to continuously determine the frequency shift (fd = fr - ft) of the received wave from the transmitted wave. One approach to measure fd is to use STFT(Short Time Fourier Transform) to get the spectrogram. However, the time resolution of the recovered fd will be limited by the time-frequency uncertainty of STFT. Also, the computational complexity will increase the cost in terms of energy, memory, and latency. Another method is to demodulate the signal in analog and get fd by calculating the instantaneous phase of the shifted signal. In our prototype, the received Doppler shifted wave will be demodulated in the I(t) (in-phase real component of the wave) and Q(t) (quadrature or 90 degree shift of real components) channels. An indicator of the phase difference between the transmitted and received signal can be found by taking the arctan of I(t)/Q(t).
Θ = arctan(I(t)/Q(t))  = 2πfdt + φ – π/2 = 4πvt+φ−π
To calculate the differential of Θ, however, the outputs (I(t) and Q(t)) need to be amplified and filtered. This is because even with close distances between the radar and the moving body (will be close to 1 cm for our wearable sensor), the output of the I and Q channels still have a small energy. To this end, custom printed circuit board will be used (Figure 8, right) with an analog bandpass filter, an amplifier, and a 12-bit analog-to-digital converter (ADC) on the board. The measured differential of Θ will be calibrated as a breathing rate sensor using commercial off the shelf breathing rate measurement sensors[endnoteRef:6]. Once the validity of the approach is established, we will proceed to miniaturize the sensor and to develop power-saving algorithms for measurements. [6:  http://www.masimo.com/rra/] 

Validation Plan: The activity tracker, inhaler usage tracker, and breathing rate tracker will be validated through using rigorous in-lab and real world evaluation. For in-lab validation, we will use two groundtruth collections mechanisms. First, we will compare the accuracy of activity tracking with commercial proprietary systems that are distributed as apps for smartphone platforms. Secondly, we will use a video as a method of collecting data on what activity is being performed and usage of the inhaler.  For in the field real world evaluation we will deploy the Microsoft band with our system software and would use video data to validate that the system is working accurately. Our breathing rate tracker will be calibrated and validated by comparing against commercial acoustic respiration rate sensors[endnoteRef:7]. [7:  http://www.masimo.com/rra/] 

SA4 Continuous Clinical Testing of System Components and Final Integrated System
The individual components will be tested on a continuous basis in years 1-4 with both asthmatic adolescents/young adults and healthy controls at the SMU site. Performance feedback to the University of Maryland team will enable gradual fine tuning of the system and its components. By year 4, the logger, the sensors, and the app will be integrated into a complete system. Several such systems will be submitted to extended pilot field testing with adolescents with allergic asthma. Feasibility of monitoring and acceptability of the device will be evaluated through patient feedback. The following evaluation steps will be taken:
Year 1: A portable version of the novel CO2 sensor will be tested with 20 healthy controls (undergraduate research subjects 19-21 years of age). A standard end-tidal PCO2 monitor with breath-by-breath PCO2 output will be used as comparison device. The protocol will examine the sensitivity and response time of the sensor to a variety of breathing patterns and maneuvers typical for daily life and breathing training, including: quiet sitting, phasic deep breaths, shallow breathing, abdominal versus chest breathing, paced breathing to elevate PCO2 with and without capnometry-feedback, voluntary hyperventilation test, and voluntary breath holding.
Year 2: Laboratory and field testing will be conducted with a first version of the physical activity and environmental monitor modules for climate and particle matter, involving 20 adolescents with asthma and allergies. To guarantee a wide range of allergens, PM pollution levels, temperatures and humidity, 7 will be tested in spring, 7 in summer, 6 in winter. The lab protocol will feature standard physical activities, 2-3 min each: supine, supine with movements, quiet sitting, standing, walking slow and fast, and climbing stairs. Field monitoring will be conducted for a 1-week period fitting patients with the first sensor versions. They will collect additional information on perceived triggers, symptoms, medication, and self-measurement of lung function (Jaeger/Toennies AM2 electronic pocket spirometers with diary) 3 times per day [28]. Acceptability of the monitoring and user-friendliness of functions will be explored by ad-hoc rating scales and qualitative interview.
Year 3: Laboratory and limited field testing of the monitor will be conducted with additional miniaturized modules for PCO2 and heart rate/respiratory sinus arrhythmia included, fine-tuned sensors for particulate matter and climate. We will enroll 30 participants from the SMU undergraduate student population (15 of these with asthma and allergies). A lab protocol identical to Year 1 will be conducted to test the miniaturized PCO2 sensor. An additional protocol will elicit psychologically induced changes in respiration rate, heart rate, and respiratory sinus arrhythmia by use of emotionally evocative film clips (happy, neutral, anger, disgust) and a brief mental arithmetic test [21]. Mood and symptom ratings, and lung function will also be monitored using impulse oscillometry. Participants will also carry the first wearable version of the monitor into the field for a 24-h testing period, and collect information on perceived triggers, symptoms, medication, and spirometry 3 times  (morning, noon, evening) (healthy participants symptoms and spirometry only). Acceptability of the monitoring and user-friendliness of functions will be explored by ad-hoc rating scales and qualitative interview.
Year 4: Extended field testing will be conducted with the integrated wearable monitor with 20 adolescents with asthma and allergies, 7 in spring, 7 in summer, 6 in winter. Participants will be tested for 3 weeks and will collect additional information on perceived triggers, symptoms, medication, spirometry diary 3 times per day.  Detailed information will again be obtained on acceptability and user-friendliness.
Participant Recruitment and Enrollment: 40 adolescents with asthma (ages 12-18 yrs) will be recruited for laboratory and extended field testing of individual sensor components and the integrated monitoring system. An additional 15 individuals with asthma and 35 healthy controls (ages 18-21 yrs) from the SMU undergraduate population will be recruited for limited testing of specific sensors in Years 1 and 3. Patients should have mild to moderate persistent asthma, preferably “not well controlled” [7) to study sufficient fluctuations of symptoms in field testing (for inclusion and exclusion criteria see D.Human Subjects). They will be recruited in collaboration with Allergy and Immunology at UT Southwestern Medical Center (consultant Dr. Khan) and from an established list of community allergy and pulmonology clinics in the Dallas/Ft. Worth Metroplex, from an undergraduate research subject pool, by flyers on university campus facilities, and by media advertisement. Additionally, healthy controls (ages 18-21 yrs) will be recruited from the undergraduate research subject pool for laboratory and 24-hour testing of individual components of the monitor. 
Additional Physiological Assessments: Spirometry and Rrs (forced oscillation technique). For basic patient characterization Rrs at 5 Hz by multiple-frequency impulse oscillometry, as well as Forced Expiratory Volume in the 1st sec. (FEV1) and Forced Expiratory Volume (FVC) by spirometry will be measured (CareFusion Jaeger/Toennies IOS Masterscreen). During emotion-induction by films, Rrs at 5 and 20Hz will be measured continuously [21]. The equipment also measures tidal volume and respiration rate continuously. End-tidal PCO2 (Capnometry) will be measured using a standard capnometer (TIDALWAVE®, Respironics, USA) which employs the single-beam, non-dispersive infrared absorption, radiometric method [44]. It will be compared with the wearable non-invasive CO2 sensor.
Heart rate and RSA: The heart rate will be recorded with the new wearable sensors. For quantification of vagal activation fluctuations of interbeat-intervals will be extracted. Uncorrected and respiration-corrected indices of RSA will be computed. We have worked intensively on methods to control respiratory influences on RSA [...] and have published software that calculates RSA indices controlled for respiration rate and volume [...]. The respiration and volume will be also correlated with the readings of the new radar sensor. 
Self-Report Measures: Asthma Control Questionnaire (ACQ) is a 6-item measure of asthma control impairment measured weekly. It is included in guidelines on asthma management (7). Asthma Trigger Inventory (ATI; 18-20) is a 32-item questionnaire that captures six major trigger categories: animal allergens, pollen allergens, exercise, air pollution/irritants, infections, and psychological triggers. Positive And Negative Affect Schedule (PANAS). Current positive and negative affect will be measured with the 20-items.
Data Analysis: Given the pilot character of the data collection the major focus will be on descriptive data of system performance, user-friendliness, and acceptability. Sensitivity of the PCO2, physical activity, respiration rate and heart rate/RSA sensor systems will be determined by repeated-measures analysis of variance (ANOVA) a using mixed effects models. Comparison of the novel PCO2 sensor with end-tidal PCO2 assessment will be done by regression analysis and Bland-Altman plots. Exploratory longitudinal multi-level modelling will also be performed using average trigger levels for appropriate time windows to predict symptoms and lung function. 
Power Analysis: (for medium effects sizes). Year 1: According to G*Power (assuming a .6 correlation between repeated measures and a .75 non-sphericity coefficient), with N=20 the power to detect differences in PCO2 levels across laboratory conditions is .94. Year 2: With N=20, the power to detect differences between the 7 laboratory tests is .89.Year 3: With N=30, the power to detect differences in physiological parameters across the films and mental arithmetic test is >.84. Year 4: Assuming N=20 providing data at 2/3 of the assessments across 3 week, power is > .95to detect relations between asthma triggers, lung function, and symptoms (Program: Power in Two-Level Models, PinT (...).
Conclusions
Proposed system would perform objective and comprehensive monitoring of several classes asthma trigger. The availability of such system would greatly expand the arsenal of the doctors that try to determine the specific trigger for a specific patient. The system will have small form factor and low weight. We’ll develop the sensors as separate miniature devices, which can be “mixed and matched”. They will be communicating with a cell phone via Bluetooth to store and transmit the information. Every sensor will be extensively validated, both in the lab using reference materials as well in the field. The system will be able to monitor the asthma triggers in real time and issue alerts if concentration thresholds are crossed. Furthermore, such system can be used to teach trigger avoidance with the patients, ultimately enhancing their quality of life.
The proposed system is well within the capabilities of the team. We have multi-year experience building optical detection devices [XX], specifically for the biomedical and pharmaceutical applications. We have also worked on a number of devices for environmental monitoring [XX]. Furthermore, we have recently pioneered the development of noninvasive, highly agile metabolic sensors [XX], capable of non-invasively monitoring blood gases. We have also significant experience in designing patient-oriented radar-based sensors [XX]. Our team  includes researchers with many years of experience with asthma patients. Therefore, we eagerly await the opportunity to work on the proposed system. 
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Fig.1a: Deformation of a PZT disk under excitation voltage
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Fig. 1b: The principle of operation of the ultrasound applicator optimized in this work:

Stage 0: Equilibrium State - occurs at zero crossing of the (sinusoidal) excitation voltage

Stage 1: Maximum vertical displacement - occurs at the peak positive cycle of the excitation voltage
Stage -1: Minimum vertical displacement corresponding to the maximum radial extension — occurs at the
negative peak of the excitation voltage.

See Fig. 2 for a more detailed drawing of a single element of the applicator.
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