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Abstract

With the widespread prevalence of mobile devices, ecological momentary assessment (EMA) can 

be combined with geospatial data acquired through geographic techniques like global positioning 

system (GPS) and geographic information system. This technique enables the consideration of 

individuals’ health and behavior outcomes of momentary exposures in spatial contexts, mostly 

referred to as “geographic ecological momentary assessment” or “geographically explicit EMA” 

(GEMA). However, the definition, scope, methods, and applications of GEMA remain unclear 

and unconsolidated. To fill this research gap, we conducted a systematic review to synthesize 

the methodological insights, identify common research interests and applications, and furnish 

recommendations for future GEMA studies.

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analysis guidelines 

to systematically search peer-reviewed studies from six electronic databases in 2022. Screening 

and eligibility were conducted following inclusion criteria. The risk of bias assessment was 

performed, and narrative synthesis was presented for all studies.

From the initial search of 957 publications, we identified 47 articles included in the review. In 

public health, GEMA was utilized to measure various outcomes, such as psychological health, 

physical and physiological health, substance use, social behavior, and physical activity. GEMA 

serves multiple research purposes: 1) enabling location-based EMA sampling, 2) quantifying 

participants’ mobility patterns, 3) deriving exposure variables, 4) describing spatial patterns 
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of outcome variables, and 5) performing data linkage or triangulation. GEMA has advanced 

traditional EMA sampling strategies and enabled location-based sampling by detecting location 

changes and specified geofences. Furthermore, advances in mobile technology have prompted 

considerations of additional sensor-based data in GEMA.

Our results highlight the efficacy and feasibility of GEMA in public health research. Finally, 

we discuss sampling strategy, data privacy and confidentiality, measurement validity, mobile 

applications and technologies, and GPS accuracy and missing data in the context of current and 

future public health research that uses GEMA.

1. Introduction

Ecological momentary assessment (EMA) is a research method that utilizes the repeated 

sampling strategy to assess phenomena at the moment they occur in natural settings, 

thereby enhancing ecological validity (Stone and Shiffman, 1994). EMA is a powerful 

tool for data collection in real-world environments as participants engage in their daily 

activities. Subjects’ self-reports of health and behavior can be collected via EMA, which 

provides a comprehensive understanding of how participants’ experiences and behaviors 

vary across diverse situations and over time and reduces recall biases associated with 

retrospective self-reporting (Shiffman et al., 2008). The utilization of EMA data collection 

enables measurements of inter- and intra-individual differences, natural history, contextual 

associations, and temporal sequences (Shiffman et al., 2008). Accordingly, this real-time 

and naturalistic method has gained popularity and is also referred to as “ambulatory 

assessment” or the “experience sampling method (ESM).” As EMA studies usually capture 

momentary experiences repeatedly, EMA sampling strategies become a primary factor in 

collecting valid data. The previous literature classifies EMA sampling into two types, signal-

triggered or event-triggered, based on the method of survey delivery (Ruwaard et al., 2018). 

According to this classification, existing studies mostly use signal-triggered sampling, in 

which participants receive a preprogrammed beep or vibration that prompts them to answer 

the survey questions. Some studies use event-triggered EMA, in which participants can 

initiate a survey when a certain behavior or health episode occurs (e.g., panic attack).

To date, the EMA technique as a vital research method has benefited numerous studies in 

public health. For example, the utilization of the EMA method in mood disorders research 

offers advantages over laboratory or questionnaire studies due to its ability to capture real-

time and context-dependent data (Ebner-Priemer and Trull, 2009); EMA in substance use 

research has made valuable contributions in capturing drug use patterns (Shiffman, 2009); 

and EMA enables the detections of time- and spatially-varying factors and intra-individual 

fluctuations to facilitate prediction and modeling of physical and activity behaviors (Dunton, 

2017). Therefore, EMA represents a scientific methodology for comprehending the dynamic 

nature of human behavior and experience in real-world environments, providing researchers 

with valuable insights into the complexities of human experience. Recent studies have 

provided comprehensive reviews of the application of EMA in studies on physical activities 

(Degroote et al., 2020), mental health (Yang et al., 2019), behaviors (Battaglia et al., 2022), 

and well-being (De Vries et al., 2021), indicating the advantages of EMA over traditional 

research design as well as challenges and limitations.
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Recently, mobile technologies (e.g., handheld computers and smartphones) have been 

introduced to EMA data collection techniques, enabling a vast leap forward in EMA studies. 

The widespread adoption of mobile devices has enabled the synchronized and combined 

use of EMA data with other sources of data, such as passive sensor data (e.g., GPS, 

physiological monitoring, or accelerometer data) (Bertz et al., 2018). Recently, methods 

combining conventional EMA with geospatial data/approaches has also simultaneously 

gained in popularity, as it allows for the consideration of individuals’ health and behavior 

outcomes of momentary exposures in spatial contexts (Chaix, 2018).

Recently, the terms geographic ecological momentary assessment and geospatially explicit 

EMA (GEMA) have been used repeatedly in research, but their scope and terminology 

remain ambiguous. Notably, although the combination of activity logs/self-reports and GPS 

tracking has been used for years in health geography, Epstein et al. (2014) first coined 

GMA to refer to the method of utilizing EMA with time-stamped GPS data. Independently, 

but around the same time (2013), Kirchner and Shiffman (2013) published a review on 

EMA methods in addiction research in which they recommended the integration of EMA 

within geographic information systems and further named it geospatially explicit EMA 

(GEMA) in 2016 (Kirchner and Shiffman, 2016). Later, Kowalczyk (2017) commented on 

the importance of the letter “E” in this acronym representing “explicit” in GEMA, and 

emphasized that such studies should not only simply add location data, but also contribute 

to the assessment of environment-momentary state relationships. Despite a recent surge of 

interest in GEMA, the definitions inherent to this approach remain unclarified.

In this review, we define “geographic ecological momentary assessment” as encompassing 

methods that integrate EMA and concurrent geospatial data to facilitate the assessment of 

contextual determinants of health and behavior. Despite this inclusive definition, this review 

aims to clarify the subtypes of GEMA research, including aims associated with collecting 

geospatial data, contributions of geospatial data to EMA sampling, and the technological 

approaches and limitations.

In summary, this systematic review aims to synthesize the methodological information 

from the studies that took advantage of GEMA to identify common research interests 

and implementation approaches and provide recommendations for future GEMA studies. 

Specific questions addressed in this study include: 1) What are the purposes and scope when 

using geographic approaches in EMA research on human health and behavior? 2) What are 

the unique contributions of GEMA to EMA sampling? 3) What are the methodological 

considerations and limitations regarding the use of the method integrating geographic 

methods and EMA?

2. Method

2.1. PECO framework and literature search

The protocol following the Preferred Reporting Items for Systematic Reviews and 

Meta-Analysis (PRISMA) guidelines (Moher et al., 2009) was registered at the 

International Prospective Register of Systematic Reviews database (PROSPERO, register 
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ID: CRD42023387371). We conducted a rigorous systematic review according to a four-step 

process: identification, screening, eligibility, and inclusion.

We performed the study search on six electronic databases in January 2023: Web of Science, 

PubMed, EMBASE, PsycINFO, CINAHL, and Cochrane Library. These sources were 

selected to cover literature from a wide range of fields including public health, medicine, 

psychology and psychiatry, environmental science, and geography. The search captured 

articles from the inception of each database through to the search date. For inclusion criteria, 

first, we included studies that used EMA and geospatial data or methods. Secondly, we 

followed the population, exposure, comparator, and outcome (PECO) framework (Morgan et 

al., 2018).

GEMA: We included studies that explicitly use GMA, GEMA or describe their approaches 

as a combination of EMA and geospatial.

Population: We included studies reporting general human populations in all age groups, 

with or without pre-existing health conditions and behavior problems. Animal studies 

were excluded. We did not restrict it to specific geographical areas or sociodemographic 

characteristics.

Exposure: Any social and environmental factors that could affect human health and 

behaviors were considered exposure.

Comparators: A comparable population or repeated measures of the same population with 

different levels of exposure was necessary to assess the impacts on health and behaviors.

Outcome: Studies that investigated all types of health or behavioral outcomes captured by 

EMAs were included.

The search strategy was a combination of two major components: (1) the EMA method and 

(2) geographic methods. The exact terms describing the EMA methods were coupled with 

specific keywords identifying geographic technologies to capture all relevant studies. We 

developed search syntax and used wildcards to account for various forms of keywords. The 

search syntax used for different databases is available in Supplementary Material S1.

2.2. Study selection

After importing the retrieved articles into Endnote 20 and removing duplicates, we 

performed screening and eligibility procedures by examining the titles, abstracts, and 

full texts. Two of the three researchers made the selection decision for each record 

independently, with any disagreement resolved through discussion between themselves 

or consultation with the third researcher. The initial inter-researcher agreement was 

approximately 95%.

Studies were included in the review if they met all of the following criteria:

1. Study was a peer-reviewed article.
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2. Study was written in English.

3. Study reported an empirical study on a human population.

4. Study assessed environmental (both physical and social) exposures.

5. Study included self-reported health and behavior outcomes via the EMA method.

6. Study included the application of geographic technology combined with the 

EMA method in methodology.

The search strategy and selection procedure guided by PRISMA (Moher et al., 2009) is 

presented in Fig. 1.

2.3. Data collection

We created a descriptive information spreadsheet in Microsoft Excel for data extraction 

and tabulation from the included studies. We extracted the following study characteristics 

into the descriptive information spreadsheet: author, citation details, publication year, 

study country, type of study design, population, population age, sample size, geographic 

method, EMA method, study result, and additional technologies for passively measured 

data. The geographic method category included check boxes for geographic technology, 

the device used for geographic data collection, mobile application, frequency/interval for 

data collection, and purpose for the usage of the geographic method. The EMA method 

category included attributes for the EMA sampling approach, frequency/interval of data 

collection, EMA monitoring duration, the device used for EMA reports, mobile application, 

mode of EMA response, outcomes measured by EMA, training, compliance, and incentive/

compensation.

2.4. Risk of bias assessment

Given the methodological focus of this study, traditional quality assessment tools designed 

for observational and experimental studies were not applicable. Therefore, we developed 

a risk of bias assessment (RoB) rubric by adapting metrics and questions from the Office 

of Health Assessment and Translation (OHAT) Risk of Bias Rating Tool for Human and 

Animal Studies and the Joanna Briggs Institute (JBI) critical appraisal checklist (Moola et 

al., 2017; OHAT, 2019). In our RoB tool, 10 items involving five domains were considered: 

sampling bias, confounding bias, measurement bias, attrition bias, and selective reporting 

bias. Each item was answered with a four-point scale: definitely low risk, probably low risk, 

probably high risk, and definitely high risk. Three researchers independently rated a study 

and cross-checked the evaluations. Each study had an evaluation result agreed upon by all 

three researchers. Then, we averaged the scores of all items in each domain and rounded 

the value to generate the score of a domain. Finally, we presented RoB scores by item and 

domain, as this could uphold transparency and offer a more comprehensive representation 

of the methodological strengths and weaknesses of each individual article. In cases where a 

study referred to another publication containing relevant information about the same study, 

we reviewed the referenced publication to rate relevant items. Detailed RoB tool used in this 

study is presented in Supplementary Material S2.
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3. Results

3.1. Literature search and selection results

The initial search process resulted in 957 publications. After removing duplicates, screening 

titles and abstracts, and reviewing full text, a total of 47 articles met all our inclusion 

criteria. Basic information was extracted from each study (Table 1), including publication 

year, the geographical distribution of the study area, study type, sample characteristics, and 

participant characteristics.

The earliest two articles were published in 2013. There was a steady growth in the number 

of publications from 2018 to 2022, with a surge of studies on this topic in 2021 (n = 10, 

22.2%). Fig. 2 displays the yearly distribution of the studies. The vast majority of included 

research was observational studies (n = 45,95.7%), and only two (4.3%) (Beres et al., 2022; 

Kirchner et al., 2013) adopted experimental research designs. With respect to geographical 

distribution, most studies were conducted in North America (n = 28, 59.6%), followed by 

Europe (n = 10,21.7%), Asia (n = 6,12.8%), Australia (n = 1,2.1%), and Africa (n = 1, 

2.1%).

Most included studies focused on adults (n = 19, 40.4%), ten (17.8%) focused on teens and 

young adults (e.g., 12–25), and three (6.4%) examined older middle-aged (50–65) and older 

adults (65+). While the majority of studies targeted healthy populations, 11 studies (23.4%) 

focused on patients with various clinical diagnoses, such as psychiatric disorders (e.g., mood 

disorder, schizophrenia, anxiety disorder, attention deficit hyperactivity disorder) (Bolte et 

al., 2019; Jacobson and Bhattacharya, 2022; McIntyre et al., 2021; Parrish et al., 2020) or 

physical health conditions (Mardini et al., 2021). Of them, three studies (6.4%) included 

clinical populations and healthy controls to compare differences between groups (Pellegrini 

et al., 2022; Raugh et al., 2020, 2021). The sample sizes of included studies varied between 

10 and 21, 947 (mean = 586.7, sd = 3187.2).

3.2. Health outcomes measured through EMA

EMA offers versatility in acquiring self-reported measures related to health and behavior. 

Studies mostly used EMA to assess outcomes such as psychological health (e.g., Ben-Zeev 

et al., 2015; Jacobson and Bhattacharya, 2022) (n = 34, 72.3%), followed by psychoactive 

substance use (e.g., Kirchner et al., 2013; Lipperman-Kreda et al., 2020) (n = 12, 25.5%), 

eating and sleeping behavior (e.g., Pellegrini et al., 2022; Roy et al., 2019) (n = 10, 21.3%), 

social behavior (e.g., Cornwell and Goldman, 2020; Kamalyan et al., 2021; Pellegrini et al., 

2022) (n = 9, 19.1%), environmental perception (e.g., Cornwell and Goldman, 2020; Kou et 

al., 2020) (n = 11, 23.4%), physical activity (e.g., Pellegrini et al., 2022; Raugh et al., 2020) 

(n = 6, 12.8%), physical and physiological health (e.g., Mardini et al., 2021) (n = 4, 8.5%), 

sexual behavior (i.e., sexual activity and condom use) (Beres et al., 2022; Wray et al., 2019) 

(n = 2, 4.3%), and medication adherence (Yerushalmi et al., 2021) (n = 1, 2.1%).

State mood, affect, and stress —transient or short-term psychological reactions to situations 

—are the most common outcomes of interest (Kondo et al., 2020; McIntyre et al., 2021; Xia 

et al., 2022). In addition, a few studies used EMA to capture fluctuations in physiological 
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distress (i. e., pain and fatigue) or other physical symptoms, such as tinnitus, dizziness or 

light-headedness (Bolte et al., 2019).

Another application of EMA is to examine the rhythms and characteristics of behaviors, 

including eating, sleeping, substance use, and social behavior (MacKerron and Mourato, 

2013; Raugh et al., 2020). Social interactions were also often included in EMA surveys 

as secondary outcomes or covariates related to the primary outcome. These include items 

asking about companions (Cornwell and Goldman, 2020), intensity of social interaction 

(Kamalyan et al., 2021), social interest (Pellegrini et al., 2022), and social avoidance 

(Jacobson and Bhattacharya, 2022).

In recent years, increasing attention has been given to using EMA in assessing perceived 

contextual characteristics. These measures include perceived exposure to food, tobacco, and 

alcohol marketing, ambient noise, and neighborhood disorders (Byrnes et al., 2017; Kowitt 

et al., 2021; Roy et al., 2019; Zhang et al., 2020). Occasionally, EMA was also used to 

gather information on participants’ perceptions of surrounding populations (Wray et al., 

2019) and the atmosphere of the setting (e.g., “romantic” and “formal”) (Labhart et al., 

2020).

3.3. Purposes of GEMA

As the integration of geographic methods with EMA has emerged as an innovative approach 

for measuring subjects’ health and behaviors in real-time, capturing current contextual 

characteristics, and understanding space-time patterns of exposure-outcome pairs (Boettner 

et al., 2019; Kanning et al., 2022). Both global positioning system (GPS) technology and 

GIS technology enable the detection of rich and complex spatial contexts to which humans 

are exposed (Mennis et al., 2017); meanwhile, GPS methods also allow the tracking of 

precise locations and exposure time and duration in such a context (Duncan et al., 2019). 

As such, 20 (42.6%) of the studies integrated GPS and GIS technologies to enrich the data 

describing the environments with which subjects interacted (Elliston et al., 2020; Kondo et 

al., 2020; Lipperman-Kreda et al., 2022; Rhew et al., 2022).

By incorporating geographic methods (i.e., GPS and GIS), multifold research purposes can 

be fulfilled:

I. Enabling location-based EMA sampling. Location technology enabled spatial 

sampling and surveys were triggered by geographic location changes or 

geofences (Koch et al., 2018; Shoval et al., 2018) (n = 7, 14.9%).

II. Quantifying participants’ mobility patterns. Such studies used geographic 

locations to derive measures related to mobility and activity space, such as 

distance traveled, homestay duration, location variance, unique location clusters, 

and location entropy (variance of time spent in different clusters), through 

computation of GPS data (Kamalyan et al., 2021; Mardini et al., 2021) (n = 

11, 23.4%).

III. Deriving exposure variables. Studies used geographic locations, along 

with publicly available GIS databases, to derive environmental or social 
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characteristics of concurrent exposures. Such exposure variables included green 

space, land use, walkability score, neighborhood disorders, and ambient weather 

conditions (Bollenbach et al., 2022; Roy et al., 2019) (n = 19, 40.4%).

IV. Describing spatial patterns of outcome variables. Studies used this method to 

map subjects’ spatial activity (Doherty et al., 2014) and emotional characteristics 

(Shoval et al., 2018) in urban environments (n = 4, 8.5%).

V. Performing data linkage or triangulation. Several studies used GPS data to verify 

the quality of other sensor data (Bolte et al., 2019) or self-reports (Crochiere 

et al., 2021; Tao et al., 2021). Another study employed GPS records to identify 

instances of co-location between participants and their partners during EMA 

surveys (Yerushalmi et al., 2021) (n = 1, 2.1%).

Some studies (n = 4, 8.5%) combined multiple of the use cases mentioned above to realize 

multifold aims (Bollenbach et al., 2022; Glasgow et al., 2019; Shoval et al., 2018; Tornros 

et al., 2016). Additionally, some studies (n = 5, 10.6%) merely exploited the features to 

record location coordinates without further analysis of the information (Labhart et al., 2020; 

Meyerhoff et al., 2021). Fig. 3 presents the purposes of geographic methods in EMA studies.

3.4. Traditional EMA sample and GEMA spatial sampling

Although existing literature has classified EMA sampling into two types according to 

the survey delivery method (i.e., signal-triggered or event-triggered), the two become 

less discernible when passive sensing is involved (e.g., using ambient or physiological 

sensors), during which an event is detected, and a signal sent. By the actual mechanism 

of the EMA trigger, we classify the sampling strategies used in studies reviewed into 

four primary sampling approaches: time-contingent (n = 37, 78.7%), location-contingent 

(n = 7,14.9%), event-contingent (n = 3, 6.4%), and other user-initiated (n = 11, 23.4%). 

Those basic methods were often combined and utilized in some studies; for example, the 

location-contingent method in combination with user-initiated strategy would enhance the 

validity of studies investigating drinking behavior (Wray et al., 2019), concurrent application 

of location-based and time-based methods would benefit the assessment of psychological 

health (Koch et al., 2020; Reichert et al., 2017), and integrating user-initiated methods 

with time-based and event-contingent approaches could facilitate the understanding of the 

tobacco use (McQuoid et al., 2018, 2019).

With respect to the primary categories, the first three are passive triggers, while the last 

is initiated by users based on any rule. A time-contingent sampling scheme is suitable for 

monitoring variations of a particular health or behavior outcome by triggering questionnaires 

on a predefined time window (Tornros et al., 2016), and achieved through fixed-time 

(Lipperman-Kreda et al., 2022), random-time (Parrish et al., 2020) or semi-random triggers 

(Crochiere et al., 2021). Both location-based and event-triggered sampling schemes rely 

on a sensor (e.g., GPS tracker or smartphone-embedded sensor) to detect the situation of 

interest in real-time (Koch et al., 2020; Reichert et al., 2017). Additionally, to capture data 

under specific events that may not be accurately sensed passively, user-initiated reports are 

used, requiring participants to register specific situations by themselves (Kanning et al., 

2022; Tornros et al., 2016). A combination of different sampling approaches in a single 
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study could advance unique research objectives for assessing health and behavior outcomes 

(Bollenbach et al., 2022; Koch et al., 2020; Raugh et al., 2021; Wray et al., 2019). Fig. 4 

shows the descriptions of multiple sampling strategies.

The EMA surveys often assess participants’ conditions “right now” to capture state affect 

or momentary behaviors (Crochiere et al., 2021; Seto et al., 2016), but they can also assess 

conditions retrospectively of short recall periods. For instance, the recall periods of various 

studies range from one day (Lipperman-Kreda et al., 2022; Wray et al., 2019) to one week 

(Beres et al., 2022).

Particularly, GEMA could enable location-contingent EMA sampling with sophisticated 

algorithms, allowing for the detection of participants’ real-time locations and the release of 

EMA prompts. Two types of location-contingent EMA sampling have been used: geographic 

location change and geofencing. The location change-triggered EMA sampling approach 

detects participants’ movement by triggering surveys when they move a specific distance 

(e.g., 500 m) away from their previous locations (Bollenbach et al., 2022; Koch et al., 2018, 

2020; Reichert et al., 2017; Tornros et al., 2016). Other studies utilized geofencing-triggered 

surveys. For example, the survey can be triggered when the user enters and spends a certain 

amount of time within a specific area of interest (Shoval et al., 2018; Tornros et al., 2016; 

Wray et al., 2019).

3.5. Advancements in technology supporting GEMA

To date, advances in mobile technology have allowed mobile phones to be embedded with 

a GPS sensor to record accurate spatial data. Therefore, most studies (n = 41, 87.2%) used 

smartphones as a convenient device to collect data on geospatial information. A few studies 

(n = 5, 10.6%) also used a separate GPS logger to keep track of daily movement (Bolte 

et al., 2019; Epstein et al., 2014; Mitchell et al., 2014; Rhew et al., 2022; Roy et al., 

2019), and only one (2.1%) study used a GPS-enabled smartwatch (Mardini et al., 2021). 

Of the studies using smartphone-based methods, most used mobile applications to facilitate 

GPS data logging and storage. To reduce participant burden, the majority of these studies 

(n = 22, 46.8%) used one particular application that collected both EMA and GPS data 

(Bollenbach et al., 2022; Doherty et al., 2014; Koch et al., 2020; Raugh et al., 2021; Sukei 

et al., 2021), and only a few (n = 4, 8.5%) used separate applications to acquire EMAs and 

GPS information (Crochiere et al., 2021; Jacobson and Bhattacharya, 2022; Kamalyan et al., 

2021; Parrish et al., 2020). Table 2 shows the characteristics of mobile applications used in 

these studies.

Among the selected studies, 22 (46.8%) studies also utilized additional smartphone-

embedded or portable sensors for other measures. The use of additional sensors can 

strengthen human-environment assessment, allowing environmental exposure variables to 

be assessed and controlled, and outcomes to be simultaneously measured and modeled 

statistically. As such, combining GEMA with passive sensing can reduce users’ workload 

while encouraging the collection of diverse data to enrich the descriptions of real-time 

behaviors. Furthermore, passive sensing data has improved the reliability of the detection 

and contributed to research on health and behavior in GEMA studies by incorporating 
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objective measures from a variety of sensors. Assorted types of objective measures are 

identified in Table 3.

3.6. Risk of bias

Fig. 5 presents the results of the risk of bias assessment. The individual scores for each item 

are provided in Supplementary Material S3 Figs. S3–1. The major bias concerns in included 

studies are related to confounding factors, exposure/outcome measurement, and missing 

data (Supplementary Material S3 Figs. S3–2). Regarding confounding bias, most studies 

considered time-invariant factors associated with participants’ demographic characteristics, 

such as age and sex, as well as timevariant factors, such as hours of the day, while those 

that did not adjust for any confounders were deemed to have a probably high risk of bias. 

In addition, those studies in the review that only reported descriptive statistics to interpret 

data were not rated for the performance of confounding factors due to their inapplicability. 

In the measurement bias domain, studies that utilized invalidated assessment tools by EMA 

application were considered to have a probably high risk of bias. Furthermore, studies that 

did not provide adequate information on GPS settings related to GPS accuracy were also 

graded as having a probably high risk of bias. For missing data, each study should report 

evidence of whether there was a loss of subjects during the study and whether outcome data 

were complete. Studies that did not mention whether missing data existed were rated as a 

probably high risk of bias. Studies that acknowledged missing data but failed to indicate how 

to address it were considered to have a probably low risk of bias. Studies were considered to 

have a definitely low risk of bias if they reported no missing data or if they reported missing 

data with descriptions and justifications of approaches to handling it.

4. Discussion

4.1. Main findings

The GEMA method has become a cutting-edge technique for monitoring individuals’ real-

time health and behaviors. This approach combines EMA with GPS and GIS technologies to 

capture current contextual characteristics and identify spatiotemporal patterns in exposure-

outcome relationships, offering valuable insights into the complex dynamics of health and 

behavior. As the first methodological review of GEMA, this study clarified the definition 

and scope of GEMA, summarized its type of application in public health research, and 

synthesized important issues related to technology use and challenges.

GEMA studies have used geospatial technologies to achieve a diverse set of research 

aims that include: 1) enabling location-based EMA sampling, 2) quantifying participants’ 

mobility patterns, 3) deriving exposure variables, 4) describing spatial patterns of outcome 

variables, and 5) performing data linkage or triangulation. Furthermore, it is worth 

noting that the GEMA technique takes advantage of geographic methods to advance 

traditional EMA sampling methods. Specifically, in the location-contingent EMA sampling 

strategy, EMA prompts are triggered by detecting geographic location changes or entering/

staying/exiting predefined geofences, increasing the ecological validity of data collection 

in naturalistic settings. Advances in mobile technologies have allowed mobile phones 
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to be equipped with multiple functions due to various embedded sensors (e.g., GPS, 

accelerometers, and microphones).

Overall, GEMA is a versatile technique used to acquire self-reported measures associated 

with health and behavior. Studies included in this review have revealed a wide range of 

GEMA applications in a variety of outcomes, including psychological health, physical 

and physiological health, psychoactive substance use, medication adherence, eating and 

sleeping behavior, sexual behavior, social behavior, environmental perception, and physical 

activity. The most common outcome of interest is psychological health (e.g., mood, 

affect, depression, stress, and anxiety) and the rhythms and characteristics of physical 

behaviors. In those studies, social behaviors (e.g., social interaction) were often included 

in GEMA surveys as secondary outcomes or covariates related to primary outcomes. In 

addition, GEMA is also an ideal approach to compare the subjectively perceived contextual 

characteristics with the objectively measured ones.

4.2. Important methodological considerations

Despite the growing interest in using the GEMA approach and sensor networks in public 

health, methodological concerns that affect the validity and reliability of such research need 

to be examined and carefully addressed. In this section, we summarize these concerns and 

potential solutions and discuss future directions of GEMA studies.

Disclosing and improving GEMA compliance.—As repeated measures of EMA and 

the use of apps/sensors may increase user burden compared to traditional survey approaches, 

addressing compliance in the research design phase is critical. In the GEMA studies, the 

statistical power of a study is not only related to the number of participants but also to 

the number of EMA responses from participants. In our review, only 16 (35.6%) of the 

studies reported a measure of compliance, and the average compliance rate was 80.5%. 

Reported compliance rates varied between studies ranging from 50% to 98.7%. Strategies 

aimed at enhancing compliance could involve reduced study duration or frequency of EMA 

prompts (Colombo et al., 2019), proper training sessions (De Vries et al., 2021), ongoing 

compliance monitoring, and incentives (Heron et al., 2017). In our reviewed GEMA studies, 

we observed that the studies with higher compliance rates generally reported training 

processes and compensation for participation, as well as lower frequencies of prompts, 

typically around 4–7 per day. However, the previous review of smartphone-based EMA 

studies indicated no link between compliance level and incentives (De Vries et al., 2021). 

Further, a meta-analysis of EMA protocol compliance in substance use studies did not 

find a significant association between prompt frequency and compliance rate (Jones et 

al., 2019). More methodological studies examining the effects of study duration, sampling 

strategies, training, and compensations on compliance are warranted. Empirical studies 

using GEMA should utilize strategies to improve adherence to distinguish the actual effect 

of environmental exposure accurately and validly on health and behavior outcomes.

Protecting privacy and confidentiality associated with geographic location 
data.—Because GEMA studies use spatial information on individuals, protection of privacy 

and confidentiality should be a critical consideration. In reviewed studies, 31 (68.9%) 
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studies reported obtaining institutional review board approval for the research; however, the 

majority did not describe data management and security measures, especially the ones using 

customized platforms for data collection. Several studies mapped out example participant 

trajectories without mentioning whether locations have been adjusted for confidentiality 

purposes. Other studies reported aggregated geospatial characteristics but did not mention 

whether small counts were suppressed or addressed.

Sampling based on environmental exposure.—GEMA provides an important way 

of sampling the various levels of environmental exposure that exhibit geographical changes. 

By combining GEMA with other sensors or sampling approaches, more complex sampling 

schemes can be created to account for the space-time dynamics of behavior and health. 

It is worth noting, however, that a few studies have directly sampled environmental 

conditions through triggers set off by continuous sensor data streams. For example, studies 

used accelerometers and exposimeter sensors to capture the moments of transient events 

(Dunton et al., 2016; van Wel et al., 2017) following the Context-Sensitive Ecological 

Momentary Assessment (CS-EMAs). In this review, a few studies combined GPS with 

sensor information, but only four used it to sample behavioral outcomes (Crochiere et al., 

2021; Jacobson and Bhattacharya, 2022; Pellegrini et al., 2022; Sukei et al., 2021). Future 

studies integrate GPS with environmental sensors as a sampling strategy, as controlling over 

levels of independent variables typically allows better internal validity than over outcome 

variables.

Improving measurement validity.—Studies with GEMA have utilized validated scales 

such as the RAND 36-Item Health Survey for general health status (Hays et al., 1993), 

the Patient Health Questionnaire (PHQ-9) for depression symptoms (Kroenke et al., 2001), 

or the positive and negative affect schedule (PANAS) for subjective feelings (Watson et 

al., 1988), to assess the physical and mental health conditions. However, some instruments 

in their original forms are not suitable for GEMA methodologies because of the typical 

look-back periods and therefore need to be adapted or calibrated; for example, the PHQ-9 

asks about major depressive symptoms in the past two weeks (Kroenke et al., 2001), might 

not be appropriate for momentary assessment or daily diaries. Additionally, in studies with 

GEMA, the length of questionnaires is typically restricted; nevertheless, the validity of 

scales, especially psychometric scales, should not be compromised. But many studies often 

used single-item questions or items not validated for outcomes such as affect, stress, food 

intake, or substance use. Therefore, as GEMA and other methods of repeated measures 

become prevalent, the importance of scale validity should not be neglected. Also, the 

existing scales need to be adapted for GEMA studies, and in certain circumstances, the 

development of short versions of existing scales would be necessary.

Mobile applications and technologies for GEMA research.—In the reviewed 

studies, mobile applications can be categorized into two types: 1) commercial/open-source 

applications and 2) customized applications. Commercial off-the-shelf applications (e.g., 

MoviSens and Daynamica) offer features such as GPS tracking, geofencing, EMA prompts, 

data storage, data visualization, and additional passive sensors (Reichert et al., 2017; 

Tornros et al., 2016). However, they may suffer limitations such as poor customizability, 
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higher cost, and data ownership and privacy concerns. Custom-developed applications 

may be a choice for investigators in GEMA research to overcome these defects, although 

the development, testing, and deployment may be a lengthy process that requires cross-

disciplinary collaboration and user experience may not be optimized without professional 

interface designs. The advancement in artificial intelligence (AI) offers potential for scene 

understanding and health symptom/episode detection. For example, digital biosensing 

technologies have been utilized in discerning mood and emotion, and detecting the onset 

and duration of various episodes for populations with mental and developmental disorders 

(Albinali et al., 2009; Osmani, 2015; Torrado et al., 2017). With the wide application of 

generative AI technologies, GEMA approaches could incorporate more computing to gain 

more interactivity.

Optimizing GPS accuracy and geocomputing for missing data.—GPS accuracy 

varies based on the hardware and software, as well as environmental conditions. However, 

many studies reported using apps without reporting the precision, reliability, or missingness 

of the GPS devices. Studies generally noted a trade-off between obtaining high geospatial 

resolution and maintaining manageable data volume/preserving battery life when using 

continuous high-frequency GPS logging (Krenn et al., 2011). In the reviewed studies, 

28 (59.6%) indicated the time interval programmed for GPS receivers. There was wide 

variability among intervals set in different studies, ranging from every second to 4–6 h 

(mean = 18.0 min, sd = 10.7). Furthermore, phone type (i.e., IOS and Android) would 

influence the accuracy of geographic location measurements given that the strategies applied 

for location geotracking of both platforms might be different (Elevelt et al., 2021). Also, it 

is noteworthy that the accuracy of GPS receivers may vary across different environmental 

conditions. In areas with high atmospheric refraction, dense tree canopy, or buildings, 

communication with satellites would be attenuated, resulting in increased incidences of 

missing data or positional errors (Schipperijn et al., 2014). Errors in satellite-receiver 

synchronization and errors in ephemeris information on satellite position may also lead 

to inaccuracies (Osmani, 2015). Pretesting and recording GPS and geofencing accuracy is 

highly recommended for future studies examining health and behavior outcomes to assess 

and reduce bias in GEMA studies. Geographic imputation approaches could be utilized to 

address missing locational or activity space data (Osmani, 2015).

Analyzing time-variant variables and relationships.—GEMA not only supports 

geospatial characterization, but also allows higher temporal resolution and data linking. 

As Kirchner et al. recommended (Kirchner and Shiffman, 2013), the passage of time 

can be treated as the dependent variable or a dimension along with other factors 

vary. Repeated measures approaches, survival models, and time series methods could 

be applied to GEMA data, with attention to differences in sampling frequencies, and 

conducting resampling/interpolation. Cumulative exposure may play a stronger role than 

momentary exposure for many phenomena, and therefore the analysis should consider 

exposure-lag-response associations (e.g., with distributed lag models) or time-to-event 

models (e.g., Cox proportional hazards models) (Kirchner and Shiffman, 2013). In other 

scenarios, the trajectory or specific sequence of exposure may be related to the outcomes, 
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and advancements in time fragmentation and sequence analysis can contribute to such 

assessments (Shi et al., 2022).

4.3. Limitations of the present study

It should be acknowledged that the current review has several limitations. Firstly, our search 

syntax covered a variety of terms used for GEMA and similar approaches (e.g., ecological 

momentary assessment, experience sampling, ambulatory assessment), but there are other 

similar approaches that have not been considered (e.g., diary-related methods). Despite 

the different terms, these studies often share similar methodologies of sensor use and 

geospatial integration. Secondly, we specified that the study has to present data related to 

our PECO guideline in order to be included, therefore, proof of concept studies and protocol 

papers without empirical data were not included. Nevertheless, these studies may have also 

addressed important issues (Bruening et al., 2016; Fore et al., 2020; Poelman et al., 2020) 

Thirdly, as a methodological review, this study did not consider a meta-analysis to quantify 

the association of the GEMA method performance with the study characteristics and 

examine the factors that could affect the successful application of GEMA in public health 

research. Finally, although our review included all studies assessing health and behavior 

outcomes, we did not clarify the specific characteristics of the GEMA approach applied 

in each field (e.g., mental health, physical activity, or eating behavior) and distinguish the 

potential differences of key factors in different fields. As the use of GEMA continues to 

grow, future studies should pay attention to identifying the strengths and weaknesses of 

the GEMA method in distinct research areas and the particular contributions in different 

research, thus providing recommendations and suggestions for continuous improvement in 

the GEMA methods.

5. Conclusion

With the incorporation of mobile technologies into EMA studies and the promotion of 

geospatial and contextual data in the field of public health, a comprehensive investigation 

of GEMA research in public health would facilitate a better understanding of the scope, 

research methods, and implementation approaches, and provide recommendations for future 

GEMA studies. Based on the PRISMA framework, this systematic review synthesized the 

methods and applications of GEMA research on human health and behavior, especially 

the unique contributions of GEMA to conventional EMA sampling. Particularly, location-

contingent sampling strategies (i.e., geographic location change and geofencing) enable 

the release of EMA prompts based on the detection of participants’ real-time locations. 

Notably, besides spatial data recorded by a GPS sensor, GEMA was often combined with 

other objectively-measured data to encourage the collection of diverse data to enrich the 

description of subjects’ real-time behaviors. Our summary of all mobile applications and 

their characteristics for GEMA would also provide references for future study. Finally, our 

review raised methodological considerations in advancing this area of research, involving 

GEMA compliance, privacy and confidentiality of geospatial data, sampling strategies, 

measurement validity, development of mobile applications, GPS accuracy and missing data, 

and time-variant measures in GEMA.

Zhang et al. Page 14

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This research was funded by the National Academies of Sciences, Engineering, and Medicine Gulf Program 
grants (2000012329 and 2000013443) and the National Institute on Minority Health and Health Disparities 
(1R01MD16587).

Data availability

No data was used for the research described in the article.

References

Albinali F, Goodwin MS, Intille SS, 2009. Recognizing stereotypical motor movements in the 
laboratory and classroom: a case study with children on the autism spectrum. In: Proceedings of the 
11th International Conference on Ubiquitous Computing.

Battaglia B, Lee L, Jia SS, Partridge SR, Allman-Farinelli M, 2022. The Use of Mobile-Based 
Ecological Momentary Assessment (mEMA) Methodology to Assess Dietary Intake, Food 
Consumption Behaviours and Context in Young People: A Systematic Review. Healthcare.

Ben-Zeev D, Scherer EA, Wang R, Xie HY, Campbell AT, 2015. Next-generation psychiatric 
assessment: using smartphone sensors to monitor behavior and mental health. Psychiatr. Rehabil. J 
38 (3), 218–226. 10.1037/prj0000130 [Article]. [PubMed: 25844912] 

Beres LK, Mbabali I, Anok A, Katabalwa C, Mulamba J, Thomas AG, Bugos E, Grabowski MK, 
Nakigozi G, Chang L, 2022. Acceptability and feasibility of mobile phone-based ecological 
momentary assessment and intervention in Uganda: a pilot randomized controlled trial [Journal 
article]. PLoS One 17 (8), e0273228. 10.1371/journal.pone.0273228. [PubMed: 36018846] 

Bertz JW, Epstein DH, Preston KL, 2018. Combining ecological momentary assessment with 
objective, ambulatory measures of behavior and physiology in substance-use research. Addict. 
Behav 83, 5–17. [PubMed: 29174666] 

Boettner B, Browning CR, Calder CA, 2019. Feasibility and validity of geographically explicit 
ecological momentary assessment with recall-Aided space-time Budgets. J. Res. Adolesc 29 (3), 
627–645. 10.1111/jora.12474 [Article]. [PubMed: 31573764] 

Bollenbach L, Schmitz J, Niermann C, Kanning M, 2022. How do people feel while 
walking in the city? Using walking-triggered e-diaries to investigate the association of social 
interaction and environmental greenness during everyday life walking. Front. Psychol 13 10.3389/
fpsyg.2022.970336 [Article].

Bolte JFB, Clahsen S, Vercruijsse W, Houtveen JH, Schipper CMA, van Kamp I, Bogers R, 2019. 
Ecological momentary assessment study of exposure to radiofrequency electromagnetic fields and 
non-specific physical symptoms with self- declared electrosensitives. Environ. Int 131 10.1016/
j.envint.2019.104948 [Article].

Bruening M, Ohri-Vachaspati P, Brewis A, Laska M, Todd M, Hruschka D, Schaefer DR, Whisner 
CM, Dunton G, 2016. Longitudinal social networks impacts on weight and weight-related behaviors 
assessed using mobile-based ecological momentary assessments: study Protocols for the SPARC 
study. BMC Publ. Health 16, 901. 10.1186/s12889-016-3536-5.

Byrnes HF, Miller BA, Morrison CN, Wiebe DJ, Woychik M, Wiehe SE, 2017. Association of 
environmental indicators with teen alcohol use and problem behavior: Teens’ observations vs. 
objectively-measured indicators. Health Place 43, 151–157. 10.1016/j.healthplace.2016.12.004 
[Article]. [PubMed: 28061392] 

Chaix B, 2018. Mobile sensing in environmental health and neighborhood research. Annu. Rev. Publ. 
Health 39, 367–384.

Zhang et al. Page 15

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Colombo D, Fernández-Álvarez J, Patané A, Semonella M, Kwiatkowska M, García-Palacios A, 
Cipresso P, Riva G, Botella C, 2019. Current state and future directions of technology-based 
ecological momentary assessment and intervention for major depressive disorder: a systematic 
review. J. Clin. Med 8 (4), 465. [PubMed: 30959828] 

Cornwell EY, Goldman AW, 2020. Neighborhood disorder and distress in real time: evidence 
from a smartphone-based study of older adults. J. Health Soc. Behav 61 (4), 523–541. 
10.1177/0022146520967660 [Article]. [PubMed: 33210544] 

Crochiere RJ, Zhang F, Juarascio AS, Goldstein SP, Thomas JG, Forman EM, 2021. Comparing 
ecological momentary assessment to sensor-based approaches in predicting dietary lapse. 
Translational Behavioral Medicine 11 (12), 2099–2109. 10.1093/tbm/ibab123. [PubMed: 
34529044] 

De Vries LP, Baselmans BM, Bartels M, 2021. Smartphone-based ecological momentary assessment 
of well-being: a systematic review and recommendations for future studies. J. Happiness Stud 22, 
2361–2408. [PubMed: 34720691] 

Degroote L, DeSmet A, De Bourdeaudhuij I, Van Dyck D, Crombez G, 2020. Content validity and 
methodological considerations in ecological momentary assessment studies on physical activity 
and sedentary behaviour: a systematic review. Int. J. Behav. Nutr. Phys. Activ 17 (1), 1–13.

Doherty ST, Lemieux CJ, Canally C, 2014. Tracking human activity and well-being in natural 
environments using wearable sensors and experience sampling. Soc. Sci. Med 106, 83–92. 
10.1016/j.socscimed.2014.01.048 [Article]. [PubMed: 24549253] 

Duncan DT, Park SH, Goedel WC, Sheehan DM, Regan SD, Chaix B, 2019. Acceptability 
of smartphone applications for global positioning system (GPS) and ecological momentary 
assessment (EMA) research among sexual minority men [Article]. PLoS One 14 (1), 1–9. 10.1371/
journal.pone.0210240.

Dunton GF, 2017. Ecological momentary assessment in physical activity research. Exerc. Sport Sci. 
Rev 45 (1), 48. [PubMed: 27741022] 

Dunton GF, Dzubur E, Intille S, 2016. Feasibility and performance test of a real-time sensor-informed 
context-sensitive ecological momentary assessment to capture physical activity. J. Med. Internet 
Res 18 (6), e106. [PubMed: 27251313] 

Ebner-Priemer UW, Trull TJ, 2009. Ecological momentary assessment of mood disorders and mood 
dysregulation. Psychol. Assess 21 (4), 463. [PubMed: 19947781] 

Elevelt A, Bernasco W, Lugtig P, Ruiter S, Toepoel V, 2021. Where you at? Using GPS locations in 
an electronic time use diary study to derive functional locations. Soc. Sci. Comput. Rev 39 (4), 
509–526.

Elliston KG, Schuz B, Albion T, Ferguson SG, 2020. Comparison of geographic information 
system and subjective assessments of momentary food environments as Predictors of food 
intake: an ecological momentary assessment study. JMIR mHealth and uHealth 8 (7), e15948. 
10.2196/15948. [PubMed: 32706728] 

Epstein DH, Tyburski M, Craig IM, Phillips KA, Jobes ML, Vahabzadeh M, Mezghanni M, Lin J-L, 
Furr-Holden CDM, Preston KL, 2014. Real-time tracking of neighborhood surroundings and mood 
in urban drug misusers: application of a new method to study behavior in its geographical context. 
Drug Alcohol Depend. 134, 22–29. [PubMed: 24332365] 

Fore R, Hart JE, Choirat C, Thompson JW, Lynch K, Laden F, Chavarro JE, James P, 2020. Embedding 
mobile health technology into the nurses’ health study 3 to study behavioral risk factors for cancer. 
Cancer Epidemiol. Biomark. Prev 29 (4), 736–743. 10.1158/1055-9965.EPI-19-1386 [Article].

Glasgow TE, Le HTK, Geller ES, Fan YL, Hankey S, 2019. How transport modes, the built and natural 
environments, and activities influence mood: a GPS smartphone app study [Article]. J. Environ. 
Psychol 66 10.1016/j.jenvp.2019.101345.

Hays RD, Sherbourne CD, Mazel RM, 1993. The rand 36-item health survey 1.0. Health Econ. 2 (3), 
217–227. [PubMed: 8275167] 

Heron KE, Everhart RS, McHale SM, Smyth JM, 2017. Using mobile-technology-based ecological 
momentary assessment (EMA) methods with youth: a systematic review and recommendations. J. 
Pediatr. Psychol 42 (10), 1087–1107. [PubMed: 28475765] 

Zhang et al. Page 16

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Jacobson NC, Bhattacharya S, 2022. Digital biomarkers of anxiety disorder symptom changes: 
personalized deep learning models using smartphone sensors accurately predict anxiety symptoms 
from ecological momentary assessments. Behav. Res. Ther 149 10.1016/j.brat.2021.104013 
[Article].

Jones A, Remmerswaal D, Verveer I, Robinson E, Franken IH, Wen CKF, Field M, 2019. Compliance 
with ecological momentary assessment protocols in substance users: a meta-analysis. Addiction 
114 (4), 609–619. [PubMed: 30461120] 

Kamalyan L, Yang JA, Pope CN, Paolillo EW, Campbell LM, Tang B, Marquine MJ, Depp CA, Moore 
RC, 2021. Increased social interactions reduce the association between constricted life-space and 
lower daily happiness in older adults with and without HIV: a GPS and ecological momentary 
assessment study [article]. Am. J. Geriatr. Psychiatr 29 (8), 867–879. 10.1016/j.jagp.2020.11.005.

Kanning M, Bollenbach L, Schmitz J, Niermann C, Fina S, 2022. Analyzing person-place interactions 
during walking episodes: innovative ambulatory assessment approach of walking-triggered e-
diaries. JMIR Formative Research 6 (11), 1–10. 10.2196/39322 [Article].

Kirchner TR, Cantrell J, Anesetti-Rothermel A, Ganz O, Vallone DM, Abrams DB, 2013. Geospatial 
exposure to point-of-sale tobacco real-time craving and smoking-cessation outcomes. Am. J. Prev. 
Med 45 (4), 379–385. 10.1016/j.amepre.2013.05.016 [Article]. [PubMed: 24050412] 

Kirchner TR, Shiffman S, 2013. Ecological Momentary Assessment. The Wiley-Blackwell Handbook 
of Addiction Psychopharmacology, pp. 541–565.

Kirchner TR, Shiffman S, 2016. Spatio-temporal determinants of mental health and well-being: 
advances in geographically-explicit ecological momentary assessment (GEMA). Soc. Psychiatr. 
Psychiatr. Epidemiol 51, 1211–1223.

Koch ED, Tost H, Braun U, Gan G, Giurgiu M, Reinhard I, Zipf A, Meyer-Lindenberg A, Ebner-
Priemer UW, Reichert M, 2018. Mood dimensions show distinct within-subject associations with 
non-exercise activity in adolescents: an ambulatory assessment study [article]. Front. Psychol 9 
10.3389/fpsyg.2018.00268.

Koch ED, Tost H, Braun U, Gan G, Giurgiu M, Reinhard I, Zipf A, Meyer-Lindenberg A, Ebner-
Priemer UW, Reichert M, 2020. Relationships between incidental physical activity, exercise, and 
sports with subsequent mood in adolescents [Article]. Scand. J. Med. Sci. Sports 30 (11), 2234–
2250. 10.1111/sms.13774. [PubMed: 33448493] 

Kondo MC, Triguero-Mas M, Donaire-Gonzalezi D, Seto E, Valentin A, Hurst G, Carrasco-Turigas 
G, Masterson D, Ambros A, Ellis N, Swart W, Davis N, Maas J, Jerrett M, Gidlow CJ, 
Nieuwenhuijsen MJ, 2020. Momentary mood response to natural outdoor environments in four 
European cities. Environ. Int 134 10.1016/j.envint.2019.105237 [Article].

Kou LR, Tao YH, Kwan MP, Chai YW, 2020. Understanding the relationships among individual-based 
momentary measured noise, perceived noise, and psychological stress: a geographic ecological 
momentary assessment (GEMA) approach. Health Place 64. 10.1016/j.healthplace.2020.102285 
[Article].

Kowalczyk WJ, 2017. The utility of geographically-explicit ecological momentary assessment: from 
description to intervention. Soc. Psychiatr. Psychiatr. Epidemiol 52, 131–133.

Kowitt SD, Finan LJ, Lipperman-Kreda S, 2021. Objective and perceived measures of 
tobacco marketing are uniquely associated with cigar use. Tobac. Control (6). 10.1136/
tobaccocontrol-2021-056601.

Krenn PJ, Titze S, Oja P, Jones A, Ogilvie D, 2011. Use of global positioning systems to study 
physical activity and the environment: a systematic review. Am. J. Prev. Med 41 (5), 508–515. 
[PubMed: 22011423] 

Kroenke K, Spitzer RL, Williams JB, 2001. The PHQ-9: validity of a brief depression severity 
measure. J. Gen. Intern. Med 16 (9), 606–613. [PubMed: 11556941] 

Labhart F, Tarsetti F, Bornet O, Santani D, Truong J, Landolt S, Gatica-Perez D, Kuntsche E, 
2020. Capturing drinking and nightlife behaviours and their social and physical context with a 
smartphone application - investigation of users’ experience and reactivity. Addiction Res. Theor 28 
(1), 62–75. 10.1080/16066359.2019.1584292 [Article].

Zhang et al. Page 17

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lipperman-Kreda S, Finan LJ, Kowitt SD, Grube JW, Abadi M, Balassone A, Kaner E, 2020. Youth 
daily exposure to tobacco outlets and cigarette smoking behaviors: does exposure within activity 
space matter? Addiction 115 (9), 1728–1735. 10.1111/add.15001 [Article]. [PubMed: 32032445] 

Lipperman-Kreda S, Islam S, Wharton K, Finan LJ, Kowitt SD, 2022. Youth tobacco and cannabis use 
and co-use: associations with daily exposure to tobacco marketing within activity spaces and by 
travel patterns. Addict. Behav 126 10.1016/j.addbeh.2021.107202 [Article].

MacKerron G, Mourato S, 2013. Happiness is greater in natural environments [Article]. 
Global Environmental Change-Human and Policy Dimensions 23 (5), 992–1000. 10.1016/
j.gloenvcha.2013.03.010.

Mardini MT, Nerella S, Kheirkhahan M, Ranka S, Fillingim RB, Hu Y, Corbett DB, Cenko E, Weber 
E, Rashidi P, Manini TM, 2021. The temporal relationship between ecological pain and life-space 
mobility in older adults with knee osteoarthritis: a smartwatch-based demonstration study. JMIR 
Mhealth Uhealth 9 (1), e19609. 10.2196/19609. [PubMed: 33439135] 

McIntyre RS, Lee Y, Rong CR, Rosenblat JD, Brietzke E, Pan ZH, Park C, Subramaniapillai 
M, Ragguett RM, Mansur RB, Lui LMW, Nasri F, Gill H, Berriah S, 2021. Ecological 
momentary assessment of depressive symptoms using the mind. me application: convergence 
with the Patient Health Questionnaire-9 (PHQ-9). J. Psychiatr. Res 135, 311–317. 10.1016/
j.jpsychires.2021.01.012 [Article]. [PubMed: 33540296] 

McQuoid J, Thrul J, Ling P, 2018. A geographically explicit ecological momentary assessment 
(GEMA) mixed method for understanding substance use [Article]. Soc. Sci. Med 202, 89–98. 
10.1016/j.socscimed.2018.02.014. [PubMed: 29518701] 

McQuoid J, Thrul J, Ozer E, Ramo D, Ling PM, 2019. Tobacco use in the sexual borderlands: 
the smoking contexts and practices of bisexual young adults. Health Place 58. 10.1016/
j.healthplace.2018.12.010 [Article].

Mennis J, Mason M, Ambrus A, Way T, Henry K, 2017. The spatial accuracy of geographic 
ecological momentary assessment (GEMA): error and bias due to subject and environmental 
characteristics. Drug Alcohol Depend. 178, 188–193. 10.1016/j.drugalcdep.2017.05.019 [Article]. 
[PubMed: 28654871] 

Mennis J, Mason M, Light J, Rusby J, Westling E, Way T, Zahakaris N, Flay B, 2016. Does 
substance use moderate the association of neighborhood disadvantage with perceived stress and 
safety in the activity spaces of urban youth? Drug Alcohol Depend. 165, 288–292. 10.1016/
j.drugalcdep.2016.06.019 [Article]. [PubMed: 27372218] 

Meyerhoff J, Liu T, Kording KP, Ungar LH, Kaiser SM, Karr CJ, Mohr DC, 2021. Evaluation of 
changes in depression, anxiety, and social anxiety using smartphone sensor features: longitudinal 
cohort study. J. Med. Internet Res 23 (9) 10.2196/22844 [Article].

Mitchell JT, Schick RS, Hallyburton M, Dennis MF, Kollins SH, Beckham JC, McClernon FJ, 
2014. Combined ecological momentary assessment and global positioning system tracking 
to assess smoking behavior: a proof of concept study. J. Dual Diagn 10 (1), 19–29. 
10.1080/15504263.2013.866841. [PubMed: 24883050] 

Moher D, Liberati A, Tetzlaff J, Altman DG, Group P, 2009. Reprint—preferred reporting items 
for systematic reviews and meta-analyses: the PRISMA statement. Phys. Ther 89 (9), 873–880. 
[PubMed: 19723669] 

Moola S, Munn Z, Tufanaru C, Aromataris E, Sears K, Sfetcu R, Currie M, Qureshi R, Mattis P, Lisy 
K, 2017. Chapter 7: systematic reviews of etiology and risk. Joanna briggs institute reviewer’s 
manual. The Joanna Briggs Institute 5.

Morgan RL, Whaley P, Thayer KA, Schünemann HJ, 2018. Identifying the PECO: a framework for 
formulating good questions to explore the association of environmental and other exposures with 
health outcomes. Environ. Int 121 (Pt 1), 1027. [PubMed: 30166065] 

OHAT N, 2019. Handbook for conducting a literature-based health assessment using OHAT approach 
for systematic review and evidence integration. US National Toxicology Program Office of Health 
Assessment and Translation 5 (8). Available online at: https://ntp.niehs.nih.gov/pubhealth/hat/
review/index-2.html, 2019.

Osmani V, 2015. Smartphones in mental health: detecting depressive and manic episodes. IEEE 
Pervasive Computing 14 (3), 10–13. 10.1109/MPRV.2015.54.

Zhang et al. Page 18

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://ntp.niehs.nih.gov/pubhealth/hat/review/index-2.html
https://ntp.niehs.nih.gov/pubhealth/hat/review/index-2.html


Parrish EM, Depp CA, Moore RC, Harvey PD, Mikhael T, Holden J, Swendsen J, Granholm E, 
2020. Emotional determinants of life-space through GPS and ecological momentary assessment 
in schizophrenia: what gets people out of the house? Schizophr. Res 224, 67–73. 10.1016/
j.schres.2020.10.002 [Article]. [PubMed: 33289659] 

Pellegrini AM, Huang EJ, Staples PC, Hart KL, Lorme JM, Brown HE, Perlis RH, Onnela JPJ, 2022. 
Estimating longitudinal depressive symptoms from smartphone data in a transdiagnostic cohort. 
Brain and Behavior 12 (2). 10.1002/brb3.2077 [Article].

Poelman MP, van Lenthe FJ, Scheider S, Kamphuis CB, 2020. A smartphone app combining 
global positioning system data and ecological momentary assessment to track individual food 
environment exposure, food purchases, and food consumption: protocol for the observational 
FoodTrack study. JMIR Res Protoc 9 (1), e15283. 10.2196/15283. [PubMed: 32012100] 

Raugh IM, James SH, Gonzalez CM, Chapman HC, Cohen AS, Kirkpatrick B, Strauss GP, 2020. 
Geolocation as a digital phenotyping measure of negative symptoms and functional outcome. 
Schizophr. Bull 46 (6), 1596–1607. 10.1093/schbul/sbaa121 [Article]. [PubMed: 32851401] 

Raugh IM, James SH, Gonzalez CM, Chapman HC, Cohen AS, Kirkpatrick B, Strauss GP, 2021. 
Digital phenotyping adherence, feasibility, and tolerability in outpatients with schizophrenia. J. 
Psychiatr. Res 138, 436–443. 10.1016/j.jpsychires.2021.04.022 [Article]. [PubMed: 33964681] 

Reichert M, Tost H, Reinhard I, Schlotz W, Zipf A, Salize H-J, Meyer-Lindenberg A, Ebner-Priemer 
UW, 2017. Exercise versus nonexercise activity: E-diaries unravel distinct effects on mood. 
Med. Sci. Sports Exerc 49 (4), 763–773. 10.1249/MSS.0000000000001149 [Article]. [PubMed: 
27824691] 

Rhew IC, Hurvitz PM, Lyles-Riebli R, Lee CM, 2022. Geographic ecological momentary assessment 
methods to examine spatio-temporal exposures associated with marijuana use among young adults: 
a pilot study [Article]. Spatial and Spatio-Temporal Epidemiology 41. 10.1016/j.sste.2022.100479.

Roy PG, Jones KK, Martyn-Nemeth P, Zenk SN, 2019. Contextual correlates of energy-dense snack 
food and sweetened beverage intake across the day in African American women: an application 
of ecological momentary assessment [Article]. Appetite 132, 73–81. 10.1016/j.appet.2018.09.018. 
[PubMed: 30261234] 

Ruwaard J, Kooistra L, Thong M, 2018. Ecological Momentary Assessment in Mental Health 
Research: A Practical Introduction, with Examples in R (-build 2018-11-26). APH Mental Health, 
Amsterdam.

Schipperijn J, Kerr J, Duncan S, Madsen T, Klinker CD, Troelsen J, 2014. Dynamic accuracy of GPS 
receivers for use in health research: a novel method to assess GPS accuracy in real-world settings. 
Front. Public Health 2, 21. [PubMed: 24653984] 

Seto E, Hua J, Wu L, Shia V, Eom S, Wang M, Li Y, 2016. Models of individual dietary 
behavior based on smartphone data: the influence of routine, physical activity, emotion, and food 
environment [article]. PLoS One 11 (4), 1–16. 10.1371/journal.pone.0153085.

Shi H, Su R, Xiao J, Goulias KG, 2022. Spatiotemporal analysis of activity-travel fragmentation based 
on spatial clustering and sequence analysis. J. Transport Geogr 102, 103382.

Shiffman S, 2009. Ecological momentary assessment (EMA) in studies of substance use. Psychol. 
Assess 21 (4), 486. [PubMed: 19947783] 

Shiffman S, Stone AA, Hufford MR, 2008. Ecological momentary assessment. Annu. Rev. Clin. 
Psychol 4, 1–32. [PubMed: 18509902] 

Shoval N, Schvimer Y, Tamir M, 2018. Tracking technologies and urban analysis: adding the 
emotional dimension. Cities 72, 34–42. 10.1016/j.cities.2017.08.005 [Article].

Stone AA, Shiffman S, 1994. Ecological momentary assessment (EMA) in behavorial medicine. Ann. 
Behav. Med

Su L, Zhou S, Kwan M-P, Chai Y, Zhang X, 2022. The impact of immediate urban environments 
on people’s momentary happiness. Urban Stud. 59 (1), 140–160. 10.1177/0042098020986499 
[Article].

Sukei E, Norbury A, Perez-Rodriguez MM, Olmos PM, Artes A, 2021. Predicting emotional states 
using behavioral markers derived from passively sensed data: data-driven machine learning 
approach. Jmir Mhealth and Uhealth 9 (3). 10.2196/24465 [Article].

Zhang et al. Page 19

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tao YH, Kou LR, Chai YW, Kwan MP, 2021. Associations of co-exposures to air pollution and noise 
with psychological stress in space and time: a case study in Beijing, China [Article]. Environ. Res 
196 10.1016/j.envres.2020.110399.

Tornros T, Dorn H, Reichert M, Ebner-Priemer U, Salize HJ, Tost H, Meyer-Lindenberg A, 
Zipf A, 2016. A comparison of temporal and location-based sampling strategies for global 
positioning system-triggered electronic diaries [Article]. Geospatial Health 11 (3), 335–341. 
10.4081/gh.2016.473.

Torrado JC, Gomez J, Montoro G, 2017. Emotional self-regulation of individuals with autism 
spectrum disorders: smartwatches for monitoring and interaction. Sensors 17 (6), 1359. [PubMed: 
28604607] 

van Wel L, Huss A, Bachmann P, Zahner M, Kromhout H, Fröhlich J,Vermeulen R, 2017. Context-
sensitive ecological momentary assessments; integrating real-time exposure measurements, data-
analytics and health assessment using a smartphone application. Environ. Int 103, 8–12. [PubMed: 
28351768] 

Watson D, Clark LA, Tellegen A, 1988. Development and validation of brief measures of positive and 
negative affect: the PANAS scales. J. Pers. Soc. Psychol 54 (6), 1063. [PubMed: 3397865] 

Wray TB, Perez AE, Celio MA, Carr DJ, Adia AC, Monti PM, 2019. Exploring the use of smartphone 
geofencing to study characteristics of alcohol drinking locations in high-risk gay and bisexual 
men. Alcohol Clin. Exp. Res 43 (5), 900–906. 10.1111/acer.13991 [Article]. [PubMed: 30802318] 

Xia CH, Barnett I, Tapera TM, Adebimpe A, Baker JT, Bassett DS, Brotman MA, Calkins ME, 
Cui ZX, Leibenluft E, Linguiti S, Lydon-Staley DM, Martin ML, Moore TM, Murtha K, Piiwaa 
K, Pines A, Roalf DR, Rush-Goebel S, Satterthwaite TD, 2022. Mobile footprinting: linking 
individual distinctiveness in mobility patterns to mood, sleep, and brain functional connectivity. 
Neuropsychopharmacology 47 (9), 1662–1671. 10.1038/s41386-022-01351-z [Article]. [PubMed: 
35660803] 

Yang YS, Ryu GW, Choi M, 2019. Methodological strategies for ecological momentary assessment to 
evaluate mood and stress in adult patients using mobile phones: systematic review. JMIR mHealth 
and uHealth 7 (4), e11215. [PubMed: 30932866] 

Yerushalmi M, Sixsmith A, Star AP, King DB, O’Rourke N, 2021. Ecological momentary assessment 
of bipolar disorder symptoms and partner affect: longitudinal pilot study. JMIR Formative 
Research 5 (9), 1–10. 10.2196/30472 [Article].

Zhang X, Zhou S, Kwan MP, Su L, Lu J, 2020. Geographic Ecological Momentary Assessment 
(GEMA) of environmental noise annoyance: the influence of activity context and the daily 
acoustic environment. Int. J. Health Geogr 19 (1), 50. 10.1186/s12942-020-00246-w. [PubMed: 
33228691] 

Zhang et al. Page 20

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
PRISMA flow diagram depicting the process of identification, screening, eligibility, and 

inclusion.
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Fig. 2. 
Number of GEMA studies published by year.
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Fig. 3. 
Purposes of utilizing geographic methods in GEMA studies.
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Fig. 4. 
Multiple sampling strategies.
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Fig. 5. 
Risk of bias assessment results.
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Table 2

Characteristics of mobile applications used in GEMA studies.

Application Name Mobile Devices Mobile Operating 
System

Collected Data Types Studies

BADAS Mobile phone iOS location, EMAs (bipolar affective 
disorder)

Yerushalmi et al. (2021)

Beiwe Mobile phone iOS, Android location, EMAs (Pellegrini et al., 2022; Xia et al., 
2022)

CalFit Mobile phone iOS, Android location, physical activity Kondo et al. (2020)

CalFit Chi and Dong Mobile phone Android location, physical activity, EMAs 
(diet)

Seto et al. (2016)

Daynamica Mobile phone Android location, physical activity, EMAs 
(mood)

Glasgow et al. (2019)

eB2 MindCare Mobile phone iOS, Android location, physical activity, social 
activity, hours of sleep, EMAs 
(emotion)

Sukei et al. (2021)

Entryware Designer Handheld computer N/A EMAs Mitchell et al. (2014)

Mappiness Mobile phone iOS location, EMAs (happiness) MacKerron and Mourato (2013)

mEMA Mobile phone iOS, Android location, EMAs (Raugh et al., 2020, 2021)

MetricWire Mobile phone iOS, Android location, EMAs Wray et al. (2019)

mind.me Mobile phone iOS, Android location, physical activity, social 
activity, EMAs

McIntyre et al. (2021)

Mood Triggers Mobile phone Android location, weather, Physiological 
outcomes, EMAs (mood)

Jacobson and Bhattacharya (2022)

movisensX Mobile phone Android location, physical activity, EMAs (Bollenbach et al., 2022; Koch et al., 
2018, 2020; Reichert et al., 2017; 
Tornros et al., 2016)

Paco Mobile phone iOS, Android EMAs (behavior) Crochiere et al. (2021)

Passive Data Kit Mobile phone iOS, Android location, physical activity, social 
activity, EMAs

Meyerhoff et al. (2021)

PiLR Health Mobile phone iOS, Android location, EMAs (McQuoid et al., 2018, 2019)

ROAMM Smartwatch N/A location, physical activity, EMAs Mardini et al. (2021)

Samplex Mobile phone Android EMAs Parrish et al. (2020)

Senso Meter Mobile phone Android location, physiological outcomes, 
EMAs

Shoval et al. (2018)

Survey Swipe Mobile phone iOS EMAs Cornwell and Goldman (2020)

Youth@Night Mobile phone Android location, physical activity, social 
activity, EMAs (young adults’ 
nightlife behaviors)

Labhart et al. (2020)

Note. N/A: not applicable; EMA: ecological momentary assessment.
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Table 3

Assorted types of additional sensors and other passively collected in GEMA studies.

Domain Measures obtained with passive sensors Studies

Physical activity 
pattern

pedometer, accelerometry, physical activity intensity 
or duration, total energy expenditure, device wear 
time,

(Ben-Zeev et al., 2015; Bollenbach et al., 2022; Crochiere 
et al., 2021; Doherty et al., 2014; Koch et al., 2018, 2020; 
Kondo et al., 2020; Labhart et al., 2020; Pellegrini et al., 
2022; Raugh et al., 2021; Reichert et al., 2017; Seto et al., 
2016; Xia et al., 2022)

Environmental/
ambient condition

weather information (e.g., temperature, humidity, 
precipitation, light level), noise, air pollutant 
(e.g., PM2.5); ambient silence, ambient darkness, 
or radiofrequency electromagnetic field (12 radio 
frequency bands for communication)

(Ben-Zeev et al., 2015; Bolte et al., 2019; Jacobson and 
Bhattacharya, 2022; Kou et al., 2020; Su et al., 2022; Tao 
et al., 2021; Zhang et al., 2020)

Smartphone 
communication 
pattern

number of incoming and outgoing text messages, 
message length, number of phone calls, duration of 
phone call, number of unique phone numbers dialed, 
call duration,

(Ben-Zeev et al., 2015; Jacobson and Bhattacharya, 2022; 
Labhart et al., 2020; Meyerhoff et al., 2021; Pellegrini et al., 
2022; Raugh et al., 2021)

Sleep pattern duration of sleep, sleep efficiency, number or duration 
of nighttime awakenings, or duration of restlessness 
periods

(Ben-Zeev et al., 2015; Crochiere et al., 2021; Sukei et al., 
2021)

Physiological 
outcome

skin conductance, skin temperature, heart rate, heart 
rate variability,

(Jacobson and Bhattacharya, 2022; Shoval et al., 2018)

Smartphone usage battery status, signal strength, WiFi, Bluetooth, daily 
app use duration

(Labhart et al., 2020; Meyerhoff et al., 2021)

Soc Sci Med. Author manuscript; available in PMC 2024 December 10.


	Abstract
	Introduction
	Method
	PECO framework and literature search
	GEMA:
	Population:
	Exposure:
	Comparators:
	Outcome:

	Study selection
	Data collection
	Risk of bias assessment

	Results
	Literature search and selection results
	Health outcomes measured through EMA
	Purposes of GEMA
	Traditional EMA sample and GEMA spatial sampling
	Advancements in technology supporting GEMA
	Risk of bias

	Discussion
	Main findings
	Important methodological considerations
	Disclosing and improving GEMA compliance.
	Protecting privacy and confidentiality associated with geographic location data.
	Sampling based on environmental exposure.
	Improving measurement validity.
	Mobile applications and technologies for GEMA research.
	Optimizing GPS accuracy and geocomputing for missing data.
	Analyzing time-variant variables and relationships.

	Limitations of the present study

	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Table 1
	Table 2
	Table 3

