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Abstract. While the laboratory setting offers researchers a great deal of expe-
rimental control, this environment also limits how generalizable the results are 
to the real world. This is particularly true when studying the multifaceted phe-
nomenon of stress, which often relies on personal experience, a dimension that 
is difficult to reproduce in the laboratory setting. This paper describes a novel, 
multi-aspect real-world integrated neuroimaging system (MARIN) optimized to 
study physiological phenomena in the real-world and particularly suited to the 
study of stress.  This system integrates neurological data from a gel-free, wire-
less EEG device with physiological data from wireless cardiac and skin conduc-
tance sensors, as well as self-reports of activity and stress. Coordination of the 
system is managed through an Android handheld mobile device that also logs 
salient events and presents inventories for subjective reports of stress. The inte-
gration of these components creates a rich, multimodal dataset with minimal  
interference to the user’s daily life, and these data will guide the further  
understanding of neurological mechanisms of stress. 

Keywords: wireless electroencephalography, skin conductance response,  
electrodermal activation, heart-rate variability, wearability. 

1 Introduction 

Understanding the human brain is crucial to the development of technology that will 
enhance daily life and performance on critical tasks. Our current level of understand-
ing has been vastly improved through increasingly complex and sophisticated labora-
tory-based experimental research. While this setting grants the researcher a great deal 
of control, it also limits the ecological validity of the results. For example, it may be 
difficult to accurately represent phenomena such as fatigue [1], aggression [2], and 
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social preferences [3] within the artificial setting of a laboratory. Therefore, there 
exists a need to study the brain in its natural environment in order to truly further our 
understanding of how behavior connects to brain function.  

This is particularly true for broad phenomena, such as stress, which involves a con-
fluence of multiple physiological systems that are highly influenced by diverse envi-
ronmental factors. Stress is defined as anything that disrupts or is perceived to disrupt 
the complex dynamic homeostasis of the body and brain [4, 5], although we recognize 
that this may not be a complete definition [6]. In daily life, we face many personal 
sources of stress that can be difficult to replicate in the laboratory setting, such as 
stress from one’s work environment or stress related to one’s family life. Indeed, evi-
dence suggests that physiological responses to stress are larger in the real-world com-
pared to in the laboratory [7, 8]. Meanwhile, increased levels of psychological stress 
are associated with increased incidence of disease [9] and mortality [10, 11].  Even 
acute stress can be maladaptive in some individuals [5] and has been shown to affect 
cognition, although these observations have been limited to laboratory settings [12, 
13]. These facts further the importance of real-world research on the effect of stress 
on the human brain.  

This paper discusses the current state of technology available for studying neuro-
physiological constructs, such as stress, in true “real-world” settings, as well as poten-
tial roadblocks that must be addressed in the design of such systems. Here, we discuss 
efforts focused on developing a real-world neuroimaging system optimized for study-
ing broad-based scientific and applied pursuits of monitoring physiological states, 
using the study of stress as an exemplar target state. The ultimate goal of this system 
is to use contextual and physiological information to interpret neurological data. The 
system described here (MARIN) combines newly developed wireless neuroimaging 
technology with existing physiological sensors and a mobile user-interface device to 
record events and collect subjective measurements in real-world environments.  
MARIN also integrates contextual information from the environment with the high-
quality neurological, physiological, and subjective monitoring data. We highlight the 
specific technological advancements of this device and how it is particularly suited 
for the study of real-world stress. 

2 Background 

The physiological response to stress is essential to healthy functioning. This response 
is considered maladaptive only when it occurs too frequently, is disproportional to the 
stressor (i.e. chronic stress), occurs in the absence of a stressor, or does not occur 
when a stressor is present [6]. While a majority of research studies have focused on 
the deleterious effects of stress, without real-world neuroimaging research, the basic 
effect of stress on the brains of normal individuals is still unknown. By building upon 
real-world research of the physiological mechanisms underlying the response to 
stress, research can begin to make the connection to the natural neurological response 
to stress. 
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2.1 Studying Real-World Stress 

Although technological advances have only recently enabled real-world neuroimaging 
of stress in humans, stress has been measured outside of the laboratory via ambulatory 
cardiac monitoring for some time [8]. Cardiac measurements allow the researcher to 
tap into the functioning of the autonomic nervous system via measurements of bio-
markers, such as heart rate and blood pressure. Stressful stimuli act directly on the 
autonomic nervous system, generally by activation of the sympathetic nervous sys-
tem, which mobilizes the body to respond to stress via peripheral physiological func-
tions, such as increased heart rate and sweating  [5]. 

The measurement of skin conductance on eccrine sites (i.e. hands and feet) is 
another method for assessing autonomic nervous system function, and, therefore, the 
effect of stress [14]. However, while ambulatory monitoring of cardiac responses in 
the real-world has been ongoing for several years, the measurement of skin conduc-
tance outside of constrained settings has only just begun due to a major challenge to 
wearability. Traditional skin conductance sensors were placed exclusively on the tips 
of the fingers, preventing participants from engaging in tasks requiring manipulation 
of objects. Semi-real-world studies of skin conductance to date have relied upon the 
subject singularly engaging in a task that does not require dexterity of the fingertips or 
direct pressure on the soles of the feet, such as driving [15].  However, recent tech-
nology has been developed to reliably measure skin conductance via a site on the 
wrist, allowing the participant a full range of motion [16] and opening the door for 
integration with a wide range of tasks.  

Both cardiac and skin conductance measurements excel at detecting the broad reac-
tion of the body to a stressful event. While this broad categorization of stress is par-
ticularly helpful to detect the occurrence of a stressful event, these measures lack a 
high degree of selectivity, and in fact, are sensitive to many different types of events. 
Since our goal is to understand how the brain responds to stress, a portable neuroi-
maging device is crucial to tease these factors apart. Recent advances in neurotech-
nology have created truly wearable wireless electroencephalography (EEG) systems 
for real-world research [17] that could be utilized for a host of applications, including 
stress research. Additionally, a system integrating EEG, heart rate, and skin conduc-
tance has been proposed, however, this system has not been designed for real-world 
experiences; i.e., it is not completely wireless and only features a limited number of 
electrodes for EEG recording (< 6 channels) [18]. Although recent scientific efforts 
have been put forth to create stress prediction indices from EEG data [18–21], due to 
technological limitations these schemes have consisted of laboratory-derived scena-
rios and have not been utilized in a real-world neuroimaging environment.  However, 
this type of predictive technology would be highly advantageous as part of a wearable 
EEG system. 

2.2 Obstacles for a Real-World Neuroimaging System 

We believe one of the most critical components of a real-world neuroimaging system 
is to create a rich multi-dimensional characterization of context. This allows for the 



 A Real-World Neuroimaging System to Evaluate Stress 319 

accurate and meaningful interpretation of measured neural activity. This obstacle has 
been mitigated in some real-world cardiac monitoring studies by the use of electronic 
diaries (e.g. [22]). 

Additional obstacles fall under three broad topic areas that directly influence the 
design of such a system, including general wearability, usability for trained (non-
scientist) users, and usability for scientific purposes. In order for any system to be 
suitable for real-life settings, the user must be able to wear it without any substantial 
hindrance to normal activities. The device must be comfortable enough for the user to 
wear for multiple hours a day. This means the device should not be too heavy or made 
of inflexible material. This has been particularly difficult for adapting current EEG 
acquisition systems for real-world data collection. For example, the system in Figure 
1 takes approximately one hour to setup and can be come uncomfortable in minutes. 
As with any real-world device, usability for the wearer is crucial. The device must be 
easy for even a trained non-scientist to set up, troubleshoot rare issues with data ac-
quisition, and log events throughout the day. Finally, usability is also important for 
the scientists analyzing the data. Dropped data packets, time lags, and movement of 
the different sensors must be minimized. Meanwhile, perhaps most critical for scien-
tific pursuits, raw data from all sensors must be accessible in a manner that facilitates 
integrated analyses while providing the ability to properly characterize external influ-
ences. The system described in this paper has been designed to address these ob-
stacles and create a rich dataset that captures neurological functioning during multiple 
types of events and states that occur naturally in the real world. 

  

Fig. 1. State-of-the-art laboratory grade EEG system made mobile. The participant wears a 
high-density wet electrode cap which is wired to a laptop and amplifiers that are placed in a 
backpack. 
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3 The Real-World Neuroimaging System 

The system developed here (referred to here as “MARIN” – Multi-Aspect Real-world 
Integrated Neuroimaging system) is a laboratory-grade measurement capability specifi-
cally designed to overcome several of the obstacles for real-world neuroimaging, partic-
ularly context monitoring (Figure 2). The prototype comprises an Android device, a 
Samsung Galaxy S III in the current implementation, and three physiological monitor-
ing sensors: a high-density MINDO EEG system (Hsinchu, Taiwan), a multifunction 
Zephyr Bioharness 3 lightweight chest strap (Waltham, MA, USA), and a multifunction 
Affectiva Q Sensor wrist-watch style device (Annapolis, MD, USA). The Android de-
vice monitors, records, and synchronizes data streamed from the three physiological 
monitoring devices, as well as obtaining additional user inputs. All three of the physio-
logical systems use dry-type electrodes for quick, easy set-up and longer-term weara-
bility. The complete system weighs approximately 406 grams (0.9 pounds; MINDO-64: 
200g, Bioharness 3: 50g, QSensor: 22.7g, Samsung Galaxy S III: 133g).  

As this system is designed for scientific pursuits, the primary analysis software will 
be offline, where the Android-based physiological data and behavioral data can be 
combined with contextual information from additional sources, such as the user’s 
calendar, user annotations, or questionnaire responses (see below for more detailed 
description). State-of-the-art offline-analyses programs, such as EEGLAB, will be 
used for data processing. 

3.1 Components 

Wireless EEG Cap. The centerpiece of the MARIN System is the NCTU-developed 
64-channel wireless EEG system (MINDO-64), which is designed to address high-
resolution laboratory-grade data acquisition, long-term comfortable wear, quick user 
set-up, and high portability. The typical wet electrodes found in laboratory equipment 
can dry out within 30-minutes to 2 hours, which directly influences signal quality 
[23]. High-bandwidth data transmission requirements typically force participants to 
be tethered to computing systems or to carry relatively heavy hardware, such as batte-
ries, amplifiers, and laptop computers [24]. This is especially confounded by the large 
number of channels typically required (64+) for laboratory-grade research, which may 
include source localization or separation procedures [25]. These hardware constraints 
limit the naturalistic behaviors that can be observed, as well as the types of contexts 
that may be investigated. The MINDO-64 is the first wireless EEG system integrated 
into a form factor with a flexible printed circuit board inside, a novel head-
circumference-adaptable mechanical design for improved stability, and active dry 
sensors that amplify signals at a very early stage to improve signal-to-noise ratios and 
avoid the need for skin preparation and gel application. It uses both Bluetooth and 
WiFi modules to transmit EEG signal during recording, offering a maximum 512Hz 
sampling rate with 24-bit resolution. Through the integration of active sensor and 
power control on the main circuit, the system allows long-term wear of up to 10 con-
secutive hours of operation time. The system’s wireless technologies, light weight 
(<200g), and dry sensor design also support comfort, fast set-up, and portability.  



 

Peripheral Monitoring D
central-physiology sensor s
electrocardiography (ECG)
lerometery on the chest, po
heart rate RR, breathing ra
recording all measures exc

A Real-World Neuroimaging System to Evaluate Stress 

 

Fig. 2. The MARIN System 
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and stored on an external device (see next section). Together these measures capture 
several aspects of autonomic nervous system function that can be affected by stress, 
while the sensor suite can be easily donned and removed by the subject in under a 
minute, as the sensors are integrated into a single strap that is worn around the chest. 

Additionally, MARIN includes the Affectiva Q Sensor, which is a small sensor 
worn on the wrist, that provides measures of skin conductance via electrodermal ac-
tivity (EDA) and three axis accelerometery. It is similar in size to a men’s wrist watch 
and attaches with a simple wrist strap. The Q Sensor stores data locally on the device 
and, similar to the Bioharness, transmits the data to the Android device wirelessly 
using Bluetooth. While EDA provides an additional modality for autonomic response, 
the accelerometers can be used to correlate this with modulation in general activity 
levels (i.e., used as an actigraph). 

 
Handheld Computing Device. An application of constant, day-long monitoring plac-
es a premium on lightweight, small form factor systems since the user must carry the 
computing device with them for the duration of the data acquisition period. For this 
reason, we chose a cell phone as the central computing device in MARIN. Among the 
available devices, the Android-based Samsung Galaxy S III was chosen for computa-
tional performance and battery life. As mobile computing technology is evolving at a 
rapid pace, we anticipate being able to take advantage of the advancing capabilities in 
this area as they become commercially available, and development within Android 
provides easy portability across devices. 

The computing device serves three main functions: centralizing data collection, 
providing the user interface, and collecting self-reports and survey data. Sensors in-
cluded in the final system all utilize Bluetooth or WiFi for data transmission, with the 
phone serving as host. Real-time data from the sensors is streamed to the computing 
device, where it is time stamped and recorded in a combined data store. Due to inhe-
rent delays in wireless data transmission, it is anticipated that there will be small vari-
ations in synchronization of the data from the various sensors. For the supplementary 
sensors, this should not pose an issue because the time resolution of the measures 
(heart rate, respiration rate, skin temperature, electrodermal activity) is such that a 
several millisecond delay in correlating to EEG does not affect the usefulness of the 
data.  

A screen is provided for the subject that shows signal quality for the EEG elec-
trodes, the ECG electrodes, and connectivity to the sensors. This enables the subject 
to put on the system components and immediately see if any sensors need to be ad-
justed. The computing device monitors the signal quality and connectivity to the sen-
sors throughout the experiment, and if a problem is detected, the subject is notified by 
an alert on the computing device and provided with instructions to correct the issue. 
Due to the simplistic, user-friendly nature of the interface, we anticipate only minimal 
training will be necessary for users to become proficient with applying and monitor-
ing the system components. 

We have also developed a range of applications on the Android platform to enable 
an observational, multi-aspect measurement approach targeted at building a context to 
interpret the neural activity related to stress throughout the day. These applications 
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currently include the main subject-interaction panel, master scheduler, and question-
naires administrator. 

The Main Subject-Interaction Panel. A large widget on the home screen of the An-
droid device allows the user to self-report the start and end of pre-defined activities 
(eating, drinking, meeting, conversing, etc.), as well as unexpected events (startling 
sounds, equipment adjustment or repositioning, data logging mistakes, etc.). The wid-
get is comprised of ten buttons. These allow the user to: (1) report the start/stop of 
reading email; (2) report the start/stop of consumption of a caffeinated beverage; (3) 
report the start/stop of consumption of food; (4) report the start/stop of a conversation; 
(5) report the start/stop of a meeting; (6) report the start/stop of exercise; (7) report the 
start/stop of listening to music; (8) view the experiment schedule; (9) access some 
application settings; and (10) report an incident. A screenshot is depicted in the center 
of Figure 2. 

When certain events (items 1-7) are logged by the subject, short surveys are admi-
nistered to gain more information about the event. For example, when the caffeine or 
food buttons are pressed, the user is asked to rate the size of the beverage or meal. 
Meanwhile, the remaining three buttons serve utilitarian functions for the user to en-
sure smooth usability, such as providing the ability to view a textual display of the 
experiment schedule for the day, or allowing the user to change the current subject ID 
and to activate or deactivate the schedule alarms. Finally, because not all event types 
can be predicted or classified ahead of time, the report incident button provides the 
user a way to input a generic text description of any other event. 

The Master Scheduler. A background application is responsible for triggering the 
various alarms and events detailed in the experiment schedule. It sets off an alarm with a 
textual reminder for each activity. Some examples of reminders would be to start a task, 
take off the equipment, or fill out some questionnaires. In the case of the questionnaires 
or certain tasks, the master scheduler starts the relevant app automatically. 

The Questionnaire Administrator. An application houses all of the questionnaires 
for the experiment. Currently, these include a variety of inventories related to stress, 
e.g. a Visual Analog Scale of Stress (S-VAS) [26], and variables that influence stress, 
e.g. the NASA Task Loading Index (TLX) [27] and the Pittsburgh Sleep Diary [28]. 

4 Conclusion 

This paper has described a novel, laboratory-grade multi-modal neuroimaging sys-
tem designed to overcome the obstacles of real-world neuroimaging. A major ob-
stacle this system has addressed is the need for context monitoring that will result in 
a meaningful interpretation of observed real-world neural signals. This system is 
particularly suited to the scientific study of stress given how it integrates physiolog-
ical responses related to the autonomic nervous system with high quality neurological 
data and subjective measurements. This technology will lead to a better understanding 
of neural activity in the real world, which ultimately will help develop better  
neurotechnology. 
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