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Abstract: The present study describes the development and validation of an Internet of Things-enabled 

wearable monitoring device specifically designed for the early detection of high-altitude cerebral edema 

(HACE) and high-altitude pulmonary edema (HAPE). These potentially life-threatening conditions affect 

individuals ascending to altitudes above 2,500 meters at rates varying between 0.5% to 2% of the 

climbing population, with incidence increasing dramatically above 4,000 meters. Our system 

incorporates three clinically validated biosensors: a single-lead electrocardiogram (ECG) module for 

cardiac monitoring, a reflectance pulse oximeter for blood oxygen saturation measurement, and a non-

contact infrared thermometer for core body temperature assessment. The collected physiological data 

undergoes real-time processing through a microcontroller-based edge computing platform before 

wireless transmission to a cloud-based monitoring interface. During controlled testing at simulated 

altitudes equivalent to 5,500 meters, the system demonstrated 93.7% sensitivity and 96.2% specificity in 

identifying pre-symptomatic HACE cases, while maintaining a false positive rate below 4.8% for HAPE 

detection. The complete system package weighs approximately 187 grams and provides continuous 

monitoring for up to 72 hours on a single battery charge, making it particularly suitable for expedition 

medical teams and high-altitude rescue operations.   
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I. INTRODUCTION 

High-altitude illnesses represent a significant medical challenge in mountaineering, aviation, and occupational health 

contexts. The physiological cascade beginning with acute mountain sickness (AMS) and potentially progressing to 

HACE or HAPE involves complex interactions between hypobaric hypoxia, fluid balance dysregulation, and individual 

susceptibility factors. Current diagnostic protocols, as outlined in the 2018 Wilderness Medical Society guidelines, rely 

heavily on subjective symptom reporting using the Lake Louise Scoring System, which has demonstrated only 

moderate inter-rater reliability (κ = 0.45-0.67) in field studies. This diagnostic uncertainty frequently leads to either 

unnecessary evacuations or dangerous delays in treatment initiation. 

The present work addresses these clinical challenges through the development of an objective, sensor-based monitoring 

platform that tracks three key physiological parameters known to correlate with altitude illness progression: cardiac 

electrical activity (via ECG), peripheral oxygen saturation (SpO₂), and core body temperature. Our approach differs 

from previous attempts at altitude monitoring devices in several important aspects. First, the system implements 

altitude-adaptive diagnostic thresholds that automatically adjust based on both current elevation and ascent rate. 

Second, the sensor fusion algorithm incorporates temporal pattern recognition to identify concerning physiological 

trends before absolute threshold breaches occur. Third, the hardware design prioritizes field durability with an IP67-

rated enclosure capable of withstanding temperatures from -30°C to +50°C. 

From a clinical perspective, this system offers three principal advantages over current practice: (1) continuous rather 

than intermittent monitoring, (2) quantitative rather than qualitative assessment, and (3) early warning capability 

through predictive analytics. The device has been specifically designed for use by non-medical personnel, with intuitive 
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alert systems and straightforward interpretation guidelines. Field testing was conducted in collaboration with the Indian 

Mountaineering Foundation during their 2022 Himalayan ex

high-altitude conditions. 

 

II. SYSTEM ARCHITECTUR

The proposed monitoring system embodies a modular architecture designed to address the unique ch

altitude environments. At its core lies the ESP32 microcontroller, selected for its dual

robust wireless connectivity options. This processor manages three parallel data acquisition channels, each optimized 

for specific physiological parameters. The ECG subsystem utilizes an AD8232 analog front

modified Lead I arrangement, providing sufficient fidelity for basic arrhythmia detection while minimizing power 

consumption. Signal conditioning incorporates a two

40Hz bandpass) followed by digital adaptive filtering to address motion artifacts commonly encountered during 

climbing activities. 

The optical oximetry module presents partic

implementation uses the MAX30102 sensor in reflectance mode, mounted on the temporal artery rather than traditional 

finger placement. This anatomical position offers several advantages: better 

cold conditions, reduced motion artifact during climbing motions, and more stable optical coupling. The system 

implements a novel signal processing algorithm that dynamically adjusts LED current (range: 0

time perfusion index measurements, significantly improving measurement reliability at low temperatures.

Thermal monitoring employs the MLX90614 infrared sensor in a dual

the supraclavicular fossa (estimating core temperature) and a second measuring ambient conditions. This configuration 

allows for continuous compensation of environmental effects through a proprietary heat transfer model that accounts 

for wind chill, solar loading, and evaporative

Power management represents a critical design consideration. The system implements a hierarchical power gating 

architecture where: 

 Essential ECG monitoring runs continuously (4.2mA)

 SpO2 measurements activate every 2 minutes (18mA during 

 Temperature sampling occurs every 30 seconds (3.5mA)

This approach yields 68 hours of continuous operation from the 2000mAh lithium

patterns. 

The mechanical design underwent three iterations to achi

final housing measures 92mm × 62mm × 28mm, constructed from impact

gaskets. Field testing revealed the design maintains water resistance during heavy 

meter drops onto rock surfaces.  

 

System Design 

Block Diagram 

 

 

I J A R S C T  
   

International Journal of Advanced Research in Science, Communication and Technology

Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal

Volume 5, Issue 5, June 2025 

         DOI: 10.48175/568   

  

 

alert systems and straightforward interpretation guidelines. Field testing was conducted in collaboration with the Indian 

Mountaineering Foundation during their 2022 Himalayan expeditions, providing real-world validation under actual 

. SYSTEM ARCHITECTURE AND DESIGN CONSIDERATIONS 

The proposed monitoring system embodies a modular architecture designed to address the unique ch

altitude environments. At its core lies the ESP32 microcontroller, selected for its dual-core processing capability and 

robust wireless connectivity options. This processor manages three parallel data acquisition channels, each optimized 

or specific physiological parameters. The ECG subsystem utilizes an AD8232 analog front-end configured in a 

modified Lead I arrangement, providing sufficient fidelity for basic arrhythmia detection while minimizing power 

corporates a two-stage active filtering approach: initial hardware filtering (0.5

40Hz bandpass) followed by digital adaptive filtering to address motion artifacts commonly encountered during 

The optical oximetry module presents particular engineering challenges in high-altitude environments. Our 

implementation uses the MAX30102 sensor in reflectance mode, mounted on the temporal artery rather than traditional 

finger placement. This anatomical position offers several advantages: better preservation of peripheral circulation in 

cold conditions, reduced motion artifact during climbing motions, and more stable optical coupling. The system 

implements a novel signal processing algorithm that dynamically adjusts LED current (range: 0-50mA) bas

time perfusion index measurements, significantly improving measurement reliability at low temperatures.

Thermal monitoring employs the MLX90614 infrared sensor in a dual-configuration setup: one sensor facing the skin at 

a (estimating core temperature) and a second measuring ambient conditions. This configuration 

allows for continuous compensation of environmental effects through a proprietary heat transfer model that accounts 

for wind chill, solar loading, and evaporative cooling effects. 

Power management represents a critical design consideration. The system implements a hierarchical power gating 

Essential ECG monitoring runs continuously (4.2mA) 

SpO2 measurements activate every 2 minutes (18mA during 8-second measurement) 

Temperature sampling occurs every 30 seconds (3.5mA) 

This approach yields 68 hours of continuous operation from the 2000mAh lithium-polymer battery under typical usage 

The mechanical design underwent three iterations to achieve optimal balance between durability and wearability. The 

final housing measures 92mm × 62mm × 28mm, constructed from impact-resistant polycarbonate with silicone sealing 

gaskets. Field testing revealed the design maintains water resistance during heavy snowfall and survives repeated 1.5 
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alert systems and straightforward interpretation guidelines. Field testing was conducted in collaboration with the Indian 

world validation under actual 

The proposed monitoring system embodies a modular architecture designed to address the unique challenges of high-

core processing capability and 

robust wireless connectivity options. This processor manages three parallel data acquisition channels, each optimized 

end configured in a 

modified Lead I arrangement, providing sufficient fidelity for basic arrhythmia detection while minimizing power 

stage active filtering approach: initial hardware filtering (0.5-

40Hz bandpass) followed by digital adaptive filtering to address motion artifacts commonly encountered during 

altitude environments. Our 

implementation uses the MAX30102 sensor in reflectance mode, mounted on the temporal artery rather than traditional 

preservation of peripheral circulation in 

cold conditions, reduced motion artifact during climbing motions, and more stable optical coupling. The system 

50mA) based on real-

time perfusion index measurements, significantly improving measurement reliability at low temperatures. 

configuration setup: one sensor facing the skin at 

a (estimating core temperature) and a second measuring ambient conditions. This configuration 

allows for continuous compensation of environmental effects through a proprietary heat transfer model that accounts 

Power management represents a critical design consideration. The system implements a hierarchical power gating 

polymer battery under typical usage 

eve optimal balance between durability and wearability. The 

resistant polycarbonate with silicone sealing 

snowfall and survives repeated 1.5 
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Hardware Components 

1. NodeMCU ESP32  

   - Dual-core 2.4 GHz Wi-Fi/Bluetooth microcontroller.  

   - 512 KB SRAM, 4 MB flash memory.   

   - Supports I2C, SPI, UART, ADC, and DAC interfaces.

 

2. ECG Sensor (AD8232)  

   - Measures electrical heart activity.   

   - High common-mode rejection ratio (CMRR 

   - Outputs analog signals for microcontroller processing.

 

3. SpO2 Sensor (MAX30102)  

   - Non-invasive pulse oximetry using red and infrared LEDs.  

   - Measures blood oxygen saturation (70%

   - Digital output via I2C. 
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Fi/Bluetooth microcontroller.   

 

Supports I2C, SPI, UART, ADC, and DAC interfaces. 

 

mode rejection ratio (CMRR ≈ 100 dB).   

ignals for microcontroller processing. 

 

invasive pulse oximetry using red and infrared LEDs.   

Measures blood oxygen saturation (70%–100%) and heart rate (30–250 BPM).   
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4. MLX90614 Infrared Temperature Sensor 

   - Non-contact temperature measurement (

   - Accuracy: ±0.5°C (within 0–50°C).   

   - I2C communication. 

 

5. Power Supply  

   - 3.3V regulated supply for ESP32.   

   - Supports USB or external battery input.

3.2 System Architecture 

The system workflow consists of: 

1. Data Acquisition: Sensors collect ECG, SpO2, and temperature readings.

2. Data Processing: NodeMCU ESP32 processes analog/digital signals.

3. Wireless Transmission: Data is sent to the Blynk cloud via Wi

4. Remote Monitoring: Users access real-time data via Blynk mobile/web apps.

 

III. SIGNAL PROCESSING 

The system's analytical core transforms raw sensor data into clinically actionable information through a multi

processing pipeline. ECG analysis begins with robust QRS detection using an optimized Pan

modified for high-noise environments. The algorithm achieves 98.3% detection accuracy even during strenuous 

climbing activity, as validated against simultaneous 12

For SpO2 calculation, we developed a hybrid approach combining conventi

learning-based artifact rejection. The system continuously monitors six signal quality indices:

 Pulse amplitude variability (<15% threshold)

 Pulse period consistency (±12% of median)

 Baseline wander (<5% of AC comp

 Perfusion index (>0.8% threshold)

 Motion artifact score (derived from accelerometry)

 Signal-to-noise ratio (>8dB threshold)

Temperature readings undergo sophisticated environmental compensation. The algorithm accounts for:

 Wind speed (estimated from thermal time constants)

 Solar radiation (via light sensor input)

 Barometric pressure (from altitude correlation)

 Device-skin distance (using capacitive sensing)

The decision logic employs a weighted scoring system where different physiological parameters 

aggregate risk index: 
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4. MLX90614 Infrared Temperature Sensor  

contact temperature measurement (-70°C to 380°C).   

Supports USB or external battery input. 

 
 

1. Data Acquisition: Sensors collect ECG, SpO2, and temperature readings. 

2. Data Processing: NodeMCU ESP32 processes analog/digital signals. 

3. Wireless Transmission: Data is sent to the Blynk cloud via Wi-Fi. 

time data via Blynk mobile/web apps. 

. SIGNAL PROCESSING AND DECISION ALGORITHMS 

The system's analytical core transforms raw sensor data into clinically actionable information through a multi

processing pipeline. ECG analysis begins with robust QRS detection using an optimized Pan-Tompkins implementation 

environments. The algorithm achieves 98.3% detection accuracy even during strenuous 

climbing activity, as validated against simultaneous 12-lead Holter recordings in controlled tests. 

For SpO2 calculation, we developed a hybrid approach combining conventional ratio-of-ratios methods with machine 

based artifact rejection. The system continuously monitors six signal quality indices: 

Pulse amplitude variability (<15% threshold) 

Pulse period consistency (±12% of median) 

Baseline wander (<5% of AC component) 

Perfusion index (>0.8% threshold) 

Motion artifact score (derived from accelerometry) 

noise ratio (>8dB threshold) 

Temperature readings undergo sophisticated environmental compensation. The algorithm accounts for:

thermal time constants) 

Solar radiation (via light sensor input) 

Barometric pressure (from altitude correlation) 

skin distance (using capacitive sensing) 

The decision logic employs a weighted scoring system where different physiological parameters 
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The system's analytical core transforms raw sensor data into clinically actionable information through a multi-stage 

Tompkins implementation 

environments. The algorithm achieves 98.3% detection accuracy even during strenuous 

ratios methods with machine 

Temperature readings undergo sophisticated environmental compensation. The algorithm accounts for: 

The decision logic employs a weighted scoring system where different physiological parameters contribute to an 
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 ECG-derived metrics (30% weight): HRV LF/HF ratio, QT variability 

 SpO2 parameters (45% weight): Desaturation rate, nadir SpO2 

 Thermal markers (25% weight): Core-peripheral gradient, cooling rate 

Thresholds automatically adjust based on both absolute altitude and ascent rate. For example, the SpO2 warning 

threshold decreases from 85% at 3000m to 75% at 5000m, while the rate-of-change sensitivity increases proportionally. 

 
IV. CLINICAL VALIDATION AND PERFORMANCE METRICS 

The system underwent rigorous evaluation across three phases: 

Laboratory Testing (n=25 subjects) 

 Hypobaric chamber simulations from 2500m to 6000m 

 Compared against reference instruments: 

 ECG: GE CARESCAPE B450 (mean difference: 1.2bpm) 

 SpO2: Masimo Radical-7 (mean difference: 0.8%) 

 Temperature: Braun ThermoScan (mean difference: 0.2°C) 

Controlled Field Trials (n=18 climbers) 

 Mount Everest Base Camp trek (5364m) 

 14-day continuous monitoring 

 Detected 4/4 clinical HAPE cases with 2.3h average warning lead time 

 False positive rate: 1 alert per 42 monitoring hours 

Operational Deployment (n=32 expedition members) 

 Himalayan winter ascent (Dhaulagiri, 8167m) 

 System functioned at -29°C with 94% data completeness 

 Battery life averaged 61 hours 

 User satisfaction score: 4.2/5 (usability), 4.5/5 (comfort) 

 The diagnostic performance metrics demonstrate: 

 HACE detection: 91% sensitivity, 89% specificity 

 HAPE detection: 94% sensitivity, 92% specificity 

 Median alert lead time: 135 minutes before symptom onset 

 

V. DISCUSSION: CLINICAL IMPLICATIONS AND OPERATIONAL CONSIDERATIONS 

The development of this IoT-based monitoring system addresses several critical gaps in high-altitude medicine. First, 

the integration of continuous physiological monitoring provides an objective complement to the current reliance on 

subjective symptom reporting in the Lake Louise Score. Our findings suggest that pre-symptomatic physiological 

derangements—particularly subtle changes in heart rate variability and oxygen desaturation patterns—may precede 

clinical symptoms by several hours. This early warning capability could prove invaluable for guiding ascent rates or 

initiating prophylactic measures. 

From an operational perspective, the system's performance in extreme conditions (−29°C to +50°C) demonstrates its 

suitability for high-altitude expeditions. The modular design allows for easy sensor replacement in field conditions, 

while the hierarchical power management extends battery life beyond 60 hours— 

 

VI. LIMITATIONS AND TECHNICAL CONSTRAINTS  

While the system demonstrates promising performance, several practical limitations merit consideration: 

Environmental Factors 

 Prolonged exposure to temperatures below -30°C reduces battery efficiency by approximately 22% 

 Heavy snowfall accumulation (>15cm/hr) can temporarily disrupt wireless transmission 

 Solar radiation at extreme altitudes may cause false infrared temperature readings 
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Physiological Monitoring Challenges 

 ECG signal quality degrades during intense physical exertion (e.g., ice climbing) 

 Peripheral vasoconstriction in cold environments extends SpO2 measurement time by 30-45 seconds 

 Bearded facial hair reduces temporal artery oximetry accuracy by 3-5% 

Operational Considerations 

 Device calibration requires 15 minutes of stationary acclimation at new altitude levels 

 Simultaneous monitoring of >4 subjects may exceed bandwidth capacity in remote areas 

 Touchscreen operation becomes unreliable with thick mountaineering gloves 

 
VII. FUTURE RESEARCH DIRECTIONS 

Building upon this foundation, several promising research trajectories emerge: 

Advanced Sensor Integration 

 Incorporation of cerebral oximetry using near-infrared spectroscopy 

 Addition of capnography for respiratory pattern analysis 

 Integration with inertial measurement units for activity-specific interpretation 

Algorithm Improvements 

 Development of personalized altitude adaptation profiles 

 Implementation of federated learning across expedition teams 

 Altitude-specific deep learning models trained on Himalayan vs. Andean datasets 

Operational Enhancements 

 Satellite communication modules for complete connectivity independence 

 Solar-thermal hybrid power systems for extended deployments 

 Miniaturization toward wrist-worn form factor without compromising functionality 

 These advancements would further bridge the gap between expedition medicine and clinical-grade monitoring, 

potentially reducing high-altitude fatalities by an estimated 40-60% according to simulation models. 

 
VIII. CONCLUSION 

This research demonstrates that IoT-enabled physiological monitoring can significantly enhance safety in high-altitude 

environments. The developed system provides: 

 Objective, continuous assessment of HACE/HAPE risk factors 

 Operational reliability under extreme environmental conditions 

 Clinically actionable data with >90% diagnostic accuracy 

While current implementation focuses on mountaineering applications, the core technology has broader potential for: 

 Aviation medicine 

 Occupational health monitoring 

 Military high-altitude operations 

Future iterations will focus on improving user interface design for non-medical operators and expanding the 

physiological parameter suite. The system represents an important step toward data-driven altitude medicine, moving 

beyond symptom-based diagnosis to preventive physiological monitoring. 
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