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Abstract 

Context  While a growing body of research has been demonstrating how exposure to social and built environments 
relate to various health outcomes, specific pathways generally remain poorly understood. But recent technological 
advancements have enabled new study designs through continuous monitoring using mobile sensors and repeated 
questionnaires. Such geographically explicit momentary assessments (GEMA) make it possible to link momentary 
subjective states, behaviors, and physiological parameters to momentary environmental conditions, and can help 
uncover the pathways linking place to health. Despite its potential, there is currently no review of GEMA studies detailing 
how location data is used to measure environmental exposure, and how this in turn is linked to momentary outcomes 
of interest. Moreover, a lack of standard reporting of such studies hampers comparability and reproducibility.

Aims  The objectives of this research were twofold: 1) conduct a systematic review of GEMA studies that link momentary 
measurement with environmental data obtained from geolocation data, and 2) develop a STROBE extension guideline 
for GEMA studies.

Method  The review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines. Inclusion criteria consisted of a combination of repeated momentary measurements of a health state 
or behavior with GPS coordinate collection, and use of these location data to derive momentary environmental 
exposures. To develop the guideline, the variables extracted for the systematic review were compared to elements 
of the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) and CREMAS (CRedibil-
ity of Evidence from Multiple Analyses of the Same data) checklists, to provide a new guideline for GEMA studies. 
An international panel of experts participated in a consultation procedure to collectively develop the proposed 
checklist items.

Results and developed tools  A total of 20 original GEMA studies were included in the review. Overall, several key 
pieces of information regarding the GEMA methods were either missing or reported heterogeneously. Our guide-
line provides a total of 27 categories (plus 4 subcategories), combining a total of 70 items. The 22 categories and 32 
items from the original STROBE guideline have been integrated in our GEMA guideline. Eight categories and 6 items 
from the CREMAS guideline have been included to our guideline. We created one new category (namely “Consent”) 
and added 32 new items specific to GEMA studies.
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Conclusions and recommendations  This study offers a systematic review and a STROBE extension guideline 
for the reporting of GEMA studies. The latter will serve to standardize the reporting of GEMA studies, as well as facili-
tate the interpretation of results and their generalizability. In short, this work will help researchers and public health 
professionals to make the most of this method to advance our understanding of how environments influence 
health.

Keywords  Geographically explicit momentary assessment, Guideline, GPS, Health, Environmental exposure, Review

Text box 1. Contributions to literature

• We reviewed GEMA studies that link momentary subjective states, 
behaviors, and physiological parameters to localized environmental 
conditions

• Key pieces of information regarding the GEMA methods were 
either missing or reported heterogeneously

• This paper presents a STROBE extension guideline (STROBE-GEMA) 
to strengthen the reporting of GEMA studies

Introduction
One of health promotion’s cornerstones is the belief that 
environments shape individual and population health 
[59]. While a strong body of literature indicates that 
various neighborhood characteristics such as greenness, 
walkability, food environments, presence of resources or 
neighborhood social dynamics contribute to population 
health and well-being [11, 20, 49, 57, 62], studies rely-
ing on fine-grained real observations of the health-place 
interaction remain scarce [4, 17, 46, 63].

The recent development and growing ubiquity of 
wearable technology has boosted our capacity to link 
measures of context to measures of subjective states, 
behaviors, and physiological parameters using ecologi-
cal momentary assessment (EMA), also called experience 
sampling method (ESM) or, more generally, ambulatory 
assessment [7, 10, 52]. This method consists in collect-
ing high-frequency data from participants in real-life set-
tings using repeated short questionnaires that are most 
often answered on one’s mobile phone. The type of data 
collected is diverse, and may include people’s thoughts 
or feelings, their momentary behavior, or self-reports 
about their social and environmental contexts [24]. EMA 
has been used to study a variety of outcomes, including 
physical activity patterns [48], smoking habits [47], eating 
habits [21], alcohol use [18] or psychological states [56], 
to name just a few. By design, EMA collects self-report 
data ‘at that moment’, hence improving ecological validity 
and eliminating recall bias. While such methods can help 
understand the processes underlying the generation of 
behavior and health outcomes, they can also provide key 

insights to develop ecological momentary interventions, 
that is, interventions that occur as people go through 
their daily lives [9, 15, 25, 51].

The growing prevalence and use of smartphones to 
administer EMA studies has opened up opportunities 
to collect additional sensor data. Today’s smartphones’ 
embedded sensors measure movement (accelerometry), 
light, noise, presence of other devices nearby (wifi, blue-
tooth) or location (GPS, Wi-Fi) [4]. Phone and app usage 
can also be tracked. Such contextual information can 
enrich our understanding of environmental correlates or 
triggers of health. Particularly, location data, once linked 
to environmental information through a geographical 
information system (GIS), allow researchers to measure 
local and momentary exposures. Because of their ability 
to assess context, studies that use such location informa-
tion are called Geographical or Geographically-explicit 
Ecological Momentary Assessments (GEMA) [32].

GEMA studies are being published in various disci-
plines [28, 32, 35, 53, 65]. For example, GEMA helped 
explore the link between exposure to tobacco retail out-
lets and smoking urges. A closer proximity to tobacco 
retail outlets was associated with stronger smok-
ing urge, but only when further than one mile away 
from home [58]. Similarly, more frequent exposure to 
tobacco retail outlets was linked to higher probabil-
ity of lapsing among a sample of adults who had con-
tacted a smoking quit line [30]. Another GEMA study 
conducted for a 48-h period on the Tangxia Street in 
the central area of Guangzhou, China, showed that 
exposure to noise was positively linked to momentary 
annoyance above 58 dB to 78 dB [66]. Clinical studies 
have also used GEMA. An example from psychopa-
thology showed that the hallucination intensity among 
patients with schizophrenia and affective disorder was 
reduced when they were at work, but increased when 
they were involved in leisure activities [16].

GEMA studies present their own complexities. 
Beyond the temporal intricacies coming with repeated 
observations that characterize EMA protocols, GEMA 
studies further add the difficulty of collection and 
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treatment of spatial data. Capturing spatial data implies 
issues about geographic accuracy and precision, or sim-
ply of missing data, due to variations in GPS receiver 
performance or environmental contexts [29]. Urban 
canyons - downtown streets with high buildings - are 
well-known for creating GPS inaccuracies, while being 
in a building or underground often means no GPS sig-
nal at all. Assisted-GPS — where cell tower or wifi loca-
tion information further ‘help’ the device to define its 
location — can improve accuracy, but the diversity of 
smartphones and operation systems make accuracy 
assessments difficult [64]. Spatial data linkage for expo-
sure assessment can also be done in many ways, raising 
issues of geographic ‘uncertainties’ [34, 50]. And finally, 
modeling GEMA outcomes also requires particular 
consideration, especially around issues of spatio-tem-
poral resolution and dependence [12, 26].

Another consideration regarding the use of GPS track-
ing in such studies relates to ethical issues. Participants’ 
locations, trips, and more generally whereabouts are 
highly confidential, as these data could easily be used to 
identify individuals. Data security - transfer and storing 
- is certainly of utmost importance. Some ethical com-
mittees may impose some limitations on how the data 
is stored, for example asking to degrade spatial preci-
sion by blurring location precision. However, too much 
blurring might be an issue, depending on the research 
question. Therefore, these issues must be addressed sys-
tematically in GEMA studies. Fortunately, Bader et  al. 
[1] and Fuller et  al. [23] provide appropriate and inap-
propriate methods to collect online geographic data in 
the public health research field, such as data anonymi-
zation if research requires data linkage with identifying 
information.

Exploring the GEMA literature, we realized an impor-
tant gap: there is currently no review of GEMA stud-
ies that reports on how GPS or similar location data is 
used to establish environmental exposure measures to be 
linked to outcomes in a momentary design. Furthermore, 
we found a lack of uniformity in the reporting of such 
studies. Often, key elements about either the study design, 
the data collection, the data linkage, or the temporal and 
spatial data analysis were seemingly missing or imprecise, 
limiting comparability and reproducibility. Recently, the 
CREMAS (CRedibility of Evidence from Multiple Analy-
ses of the Same data) checklist was published, providing 
much needed instructions on how to report EMA studies 
[14, 36]. However, CREMAS does not address the spatial 
requirements that are core to GEMA studies.

Standardized reporting ensures transparency and 
reproducibility, allowing for the accurate interpretation 
and comparison of findings across different geographic 
contexts. Given the nuanced relationship between health 

outcomes and environmental factors, consistent report-
ing is essential for identifying patterns and trends that 
may have implications for public health interventions.

Moreover, clear reporting guidelines facilitate the inte-
gration of GEMA data into broader geographic informa-
tion systems (GIS) and spatial analyses, enhancing our 
understanding of spatial-temporal dynamics in health-
related behaviors and outcomes.

As a consequence of these gaps, this study has two 
objectives: First, to conduct a systematic review of GEMA 
studies that use a momentary design with sensor-based 
location data and make use of that data to establish meas-
ures of environmental exposure in relation to behavioral 
or health outcomes, and second, based on these review 
data, develop a STROBE-extension guideline for GEMA 
studies. We believe this work and guideline are crucial to 
improve not only the reporting quality of future GEMA 
studies, but also to help this field move forward.

Methodology
The Strengthening the Reporting of Observational Stud-
ies in Epidemiology (STROBE) Statement gathers various 
guidelines for reporting studies using specific design. These 
reporting guidelines are described as “A checklist, flow 
diagram, or structured text to guide authors in reporting a 
specific type of research, developed using explicit method-
ology.” (https://​www.​equat​or-​netwo​rk.​org/​about-​us/​what-​
is-a-​repor​ting-​guide​line/). Based on the recommendations 
of Moher et  al. [43]’s  Guidance for Developers of Health 
Research Reporting Guidelines, we employed essential strat-
egies for developing our reporting guideline.

Initial steps
Identify a need for a guideline
First, in our own work related to GEMA, we noticed that 
there was no official guideline regarding the reporting 
of GEMA studies. Because GEMA is a combination of 
EMA and GIS information, we believe it would be rele-
vant to implement a more complete version of the CRE-
MAS guideline, which has been designed only for EMA 
studies. A GEMA guideline would take into account the 
geographically-related elements of such studies. Since 
GEMA studies are quite new in the health research field, 
we conducted a systematic literature review of all of the 
studies using EMA and GIS. The idea was to identify key 
pieces of information that must be included in such a 
guideline, by finding geographically relevant elements, or 
the lack of details around them.

Review the literature
Selection criteria
The systematic literature search adhered to the guide-
lines outlined in the Preferred Reporting Items for 

https://www.equator-network.org/about-us/what-is-a-reporting-guideline/
https://www.equator-network.org/about-us/what-is-a-reporting-guideline/
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Systematic Reviews and Meta-Analyses (PRISMA). 
Scopus, PubMed and Web of Sciences were searched 
for all relevant GEMA studies ever published. The 
research equations were the following: Scopus: 
(("momentary assessment") AND ("location*" OR 
"GPS" OR "Global Positioning System*")); PubMed: 
((Ecological Momentary Assessment[MeSH Terms]) 
OR ("momentary assessment"[Title/Abstract])) AND 
((Geographic Information Systems[MeSH Terms]) OR 
("Location*"[Title/Abstract] OR "GPS"[Title/Abstract] 
OR "Global Positioning System*"[Title/Abstract])); 
Web of Science: (("momentary assessment" OR "évalua-
tion momentanée" (Title)) AND ("Location*" OR "GPS" 
OR "Global Positioning System*" OR "emplacement*" 
OR "Système de positionnement global" (Title)) AND 
(Article (Document Type)) OR ("momentary assess-
ment" OR "évaluation momentanée" (Abstract)) AND 
("Location*" OR "GPS" OR "Global Positioning Sys-
tem*" OR "emplacement*" OR "Système de positionne-
ment global" (Abstract)). The search on PubMed and 
Web of Science was conducted on January 18th 2023, 
and Scopus on January 19th 2023.

Selection criteria
Studies were retained if they included: 1. Repeated 
momentary measures of variable(s) of interest along 
with momentary GPS coordinates, and 2. Momentary 
measures of environmental exposures calculated using 
the GPS coordinates. Variables of interest could be 
any outcome measured from short questionnaires sent 
to participants at the momentary level (e.g., depres-
sive symptoms, cigarette craving, affective well-being, 
social interactions, pain, feeling of safety). Hence, 
evaluation of these outcomes needs participants’ active 
engagement in completing the questionnaire. Environ-
mental measures could take various forms (e.g. meas-
ures of green space density, local social conditions, or 
distance to a feature of interest, to name just a few). 
Studies were excluded if outcomes were not captured 
through EMA/GEMA, or if studies had not reported 
any results about the momentary data. Papers with 
only descriptive statistics, reviews and protocol papers 
were excluded. We first screened the articles by reading 
all titles and abstracts, and when the abstract matched 
the corresponding inclusion criteria, full-text reads 
were done.

Data extraction
In order to organize the reported information in the 
included studies and to identify potential GEMA 

guideline items, the following variables of interest were 
extracted from each included article:

–	 General study characteristics: title, authors, jour-
nal, publication year, country of study sample, study 
rationale, target population, sample size, main out-
come and main results

–	 Key items from the Adapted STROBE Checklist for 
Reporting EMA Studies (CREMAS): training, tech-
nology, wave duration, monitoring period, prompt-
ing design, prompt frequency, compliance, attri-
tion, prompt delivery, latency, and missing data

–	 Additional items related to EMA not included 
in the CREMAS checklist: duration to complete 
prompt, number of items per prompt, momentary 
variables of interest, use of a validated measure 
instrument for EMA

–	 Specific items related to geographic data collec-
tion: proportion of response with GPS data, type of 
GPS data (momentary vs continuous), type of loca-
tion data (GPS vs Wifi), technique used to derive 
momentary environmental exposure from location 
coordinates, type of environmental exposure

A coding form containing the variables of interest was 
developed and members from the core working team 
(MB, YK, SK, BK, CK, AM, GM, BT) extracted informa-
tion from each study independently for different sets of 
items each. Ambiguities were discussed during weekly 
meetings within the group until a consensus was reached.

All variables extracted for the systematic review were 
compared with items from the STROBE and CREMAS 
checklists. Variables regarding relevant GIS information 
(specific to GEMA) which were not in STROBE were added 
to the different sections based on their placement in the 
included studies and discussions with the working group.

Guideline first draft
The working team combined STROBE and CREMAS 
guideline items, and added items based on reporting 
GIS information in the literature review.

Pre‑consultation activities
Identifying participants
In order to strengthen the validity and comprehensiveness 
of the tool, we searched for experts in the field of GEMA. 
Identification of experts was carried out using the list of 
authors from the articles included in our literature review. 
In addition to our seven member-working team, three 
experts participated in the elaboration of the guideline: one 
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from Sport sciences in Germany, one from social et preven-
tive health sciences in France, and one clinical psychologist 
and methodologist from the United States of America. Our 
own team is composed of geographers, health promoters, 
epidemiologists, and GIS experts. Efforts were made to 
have a multidisciplinary team, since GEMA methodology 
could be used in various health research fields.

Consultation activities
Conduct a Delphi exercise
Using an approach similar to a Delphi consensus, a 
Web-based survey was conducted. Presentation on top-
ics underpinning the reporting guideline development 
was sent-out to experts. Then, experts were invited to 
separately rate the relevance, as well as the rationale 
for including the proposed items in the first draft of the 
guideline, based on our literature review. Experts were 
asked to comment about their views on the relative 
importance of the possible guideline items. Each experts’ 
comments were discussed by the core team which led 
to a revised version of the guideline. Each modification 
from the first version of the guideline was commented 
on, so the experts could understand the rationale of the 
proposed change. This second version was sent back to 
experts to be revised a second time. During the second 
round of the survey, each expert could comment on other 
experts’ suggestions. If there was disagreement regard-
ing specific items, a discussion was conducted until an 
agreement was reached among the main team members. 
Items were included if there was a consensus that the 
information was methodologically important to assess in 
a GEMA study, or if there was good evidence that it is 
frequently not reported. The order and the wording has 
also been assessed in the latest survey round. Thus, the 
development of the guideline required several iterations.

Results
Literature search
A total of 308 potentially relevant original studies were 
identified throughout all three databases using our 
research equations, after the elimination of duplicate 
entries. Subsequently, we excluded 8 additional articles 
that were identified by our reference manager software 
as not being original studies, resulting in a total of 300 
articles. We first screened the articles by reading all titles 
and abstracts, and when the abstract matched the corre-
sponding inclusion criteria, full-text reads were done (a 
total of 96 articles). After careful evaluation of full-text, 
20 articles met the criteria and were selected for inclu-
sion in the review. Figure 1 provides a detailed flow chart 
of our screening steps.

Our results show important heterogeneity and incon-
sistency in the methodological reporting of GEMA 

studies, which could compromise reproducibility and 
comparison of studies’ quality. Among the reviewed 
studies, 4 (20%) did not report the technology used for 
data collection, and 9 (45%) did not mention whether 
devices belonged to participants or were provided 
by the study team. One study lacked key information 
regarding prompting design and only 4 (20%) studies 
specified the time window allowed to complete the sur-
vey. Most importantly, crucial information regarding 
GPS recording intervals was missing in 3 (15%) studies. 
Study schedule was fully described in all but two arti-
cles, which did not mention whether monitoring days 
occurred during weekdays and/or week-end days, and 
information on participants’ compliance was missing in 
3 (15%) articles.

Moreover, we observed a diversity in prompting strate-
gies, GPS recording intervals, and derivation of environ-
mental exposures, which demonstrates the many ways in 
which the EMA methodology can be used to investigate 
associations between environmental exposure and indi-
vidual experience.

Table 1 can be consulted for a summarized view of the 
literature review results. For more details, please see the 
Additional file 1, where complete information regarding 
elements from included articles are found. We will refer 
to included articles based on their numerated reference 
number in the following section.

General characteristics of the studies
The studies encompassed a wide range of topics across 
disciplines. Several studies explored the associations 
between environmental factors and various aspects of 
human experiences, including social interactions (1, 3, 
7, 9, 11) and exposure to natural environments (1, 4, 5, 
10, 18). Some studies focused on specific populations, 
such as youth (2, 5, 11, 12), older adults (9), or clinical 
populations such as individuals with schizophrenia (7, 
8, 14). The 20 studies were published in 20 different 
journals, underlining the wide applicability of GEMA 
across research topics and disciplines, with significant 
growth in recent years: while the earliest article was 
published in 2013, 13 were published between 2020 
and 2022.

Geography of studies
Eleven studies were conducted in the United States 
(2, 3, 5, 7, 8, 9, 12, 13, 14, 19), three in China (16, 17, 
18), one in four European countries (Spain, the Neth-
erlands, the United Kingdom and Lithuania) (10), one 
in Germany (1), one in Tasmania (6), and one in the 
Netherlands (4). Additionally, one pilot study was con-
ducted worldwide, including participants from thir-
teen different countries (15).
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Target populations
Several studies recruited participants within specific 
age ranges: 13-14 years old (12), 14-16 years old (2), 
above 18 (1, 4, 10, 16), between 18 and 60 (17, 18) or 
above 50 (9). Some studies also targeted participants 
with specific characteristics, such as socioeconomi-
cally disadvantaged adult smokers willing to quit (19), 
adults without underlying physical or mental health 
conditions (1), adults with no history of eating disor-
ders or dieting (6) adults diagnosed with attention 
deficit hyperactivity disorder (ADHD) who are also 
smokers (13), adults with schizophrenia (14), women 
with severe obesity (3), or undergraduate students who 
screened positive for generalized anxiety disorder or 
social phobia (8).

Sampling and measures
The median sample size was 117 participants, and the 
25th percentile 47, and 75% percentile 170. One study 
had only 10 participants (13) and the largest sample had 
4,318 participants (4).

Schedule
Eighteen studies counted one wave of data collection, 
while the two others included six (17, 18). The monitor-
ing period lasted between 2 and 60 days, with a median 
and mode of 7 days. Of the 20 included studies, two stud-
ies (11, 12) that collected data for four consecutive days 
did not report if monitoring days occurred during week-
days and/or week-end days.

Technology used and training
The technologies used include mobile phones (1, 3, 4, 7, 
8, 9, 10, 12, 14, 15, 16, 18, 19, 20), and computers (5, 13). 
Four studies did not mention what type of data collection 
modality was used. In nine of the studies, smartphones 
were supplied to the participants, two studies involved 
the use of participants’ own phones, and in nine studies 
this information was not documented. Specific models 
of mobile phones were mentioned in some cases when 
devices were provided to participants (2, 6, 7, 9, 11, 14, 
19, 20), such as Samsung Galaxy S4.2 (9), Samsung Gal-
axy S8 (14), Apple iPhone 5c (2, 20) and LG-P509 (19). 

Fig. 1  PRISMA flow diagram
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The operating systems of the mobile phones varied, with 
Android and iOS being the most commonly mentioned. 
Different apps or programs were used for data collection, 
including home-developed apps such as the Motivation 
and Skills Support (MASS) (14), Happyhier (4), Ethi-
cadata (7), EMA WebApps (16), Addressing People and 
Place Microenvironments (APP-Me) (3), and commer-
cially available apps like Movisens (1) and Mood Triggers 
(8). The type of sensor used to capture geographic loca-
tion varied across studies. In some cases, the EMA was 
conducted directly on the mobile phone itself with the 
location sourced from the smartphone location subsys-
tem. Other studies used additional devices or apps such 
as GPS loggers (9), wearable devices like iBlue (13) or 
Garmin(e), and web-based EMA platforms (12).

Eight out of twenty studies reported providing train-
ing to participants, about how to operate the smart-
phone that was provided (1, 9, 14, 19), how to complete 
EMA surveys (7, 9, 13, 14), sometimes with mock EMA 
assessments (19), or practicing event-based triggered 
responses, as for each cigarette smoked (13). One study 
also provided information about how to interpret the 
EMA questions (7). Several studies provided specific 
instructions to help participants complete EMA surveys 
rapidly after being prompted (6, 10). Several studies also 
provided written instructions or a training guidebook to 
bring home (9, 19) or provided support options (1).

Prompting strategy
Five studies used a fixed Interval Contingent strategy 
(e.g., prompts were set for certain times that were not 
random), and the number of prompts per day varied 
between 2 and once per hour during waking hours (3, 
8, 16, 16, 17). The prompting schedule varied between 
studies: after school and in the evening on Thursday and 
Friday, and during the same time period on Saturday 
(4:00 p.m. and 9:00 p.m) (1), once per hour during wak-
ing hours (8), and at 08:00, 12:00, 16:00 and 20:00 (16, 
17, 18). Using [60] taxonomy, five studies employed a 
Semi-random Interval Contingent strategy (EMAs were 
administered at random intervals within predetermined 
time windows) (3, 7, 9, 14, 20), with 2 to 12 prompts per 
day. Five studies used a Random Interval Contingent 
strategy (e.g., random times throughout each day) (6, 
10, 11, 12, 19), with 3 to 6 prompts per day. Four studies 
used an Event-Based strategy (e.g., either through self-
initiation of questionnaire at determined event, such as 
after being active for more than 30 min, prior to and fol-
lowing smoking, or through geofencing initiation, such 
as when the device detects being in a predetermined 
location, such as when entering a park.) (1, 4, 5, 13). 
One study did not report the strategy employed (15). 
Most studies did not report the maximum delay allowed 

between a prompt and filling the questionnaire. Three 
studies used a 30-minute delay limit (10, 17, 18), and one 
20 minutes (13). Duration of prompt interval, meaning 
the duration between each prompt, was not reported 
in 11 studies (1, 3, 5, 6, 8, 10, 11, 12, 14, 15, 19) - as it 
does not apply to random interval contingent prompting 
strategy. One study reported five hours (2), two reported 
four hours (16, 20), three reported three to four hours 
(9, 17, 18), one reported a minimum of 90 minutes (7) 
and two studies using geofencing event-based strategy 
reported at least 50 minutes (4), and every 2.5 hours 
during waking hours (13).

Measurement instruments
The instruments used in the reviewed studies varied 
across domains and variables of interest. Fifteen studies 
did not report any specific instrument used for measure-
ment. However, for the assessment of social interactions 
and social functioning, two commonly employed instru-
ments were the Heinrichs Quality of Life Scale — Inter-
personal Relations subscale (QLS-IR) and the Birchwood 
Social Functioning Scale (SFS) (14). The measurement 
of affective states was done with the Positive Affect 
Negative Affect Schedule - Expanded Edition (PANAS-
X) and the Multidimensional Experiential Avoidance 
Questionnaire (MEAQ)’s behavioral scale (8), which was 
modified to better align with the momentary assessment 
paradigm. In one study, the taxonomy of social activi-
ties developed by Levasseur et  al. (2010) (1) served as 
a basis to assess social interactions, with specific ques-
tions co-designed and evaluated by users. Other instru-
ments, such as the Profile of Mood States questionnaire, 
2nd Edition–Youth (POMS-Y), were also used, although 
specific details were not provided in the reviewed stud-
ies (5). Interestingly, only one study used an instrument 
that was specifically designed and validated for an EMA 
context - that is in the context of repeated momentary 
measures (1).

Main variables of interest
Momentary variables of interest related to health 
behaviors (diet, drinking, smoking, or smoking urge), 
mental health and well-being (mood, affective states, 
psychological stress or feelings of anxiety and momen-
tary happiness), or health symptoms (physiological 
symptoms of distress, fatigue, and pain). One study 
included measures of perceived safety (l) and 5 studies 
also included measures of momentary social interac-
tions (1, 3, 7, 9, 11). One common theme that emerges 
is the examination of adolescents’ alcohol consump-
tion and disorganization (2). Another area of investiga-
tion was the relationship between daily happiness (2, 
15, 16) and various factors such as social motivation 
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(14), social interaction (1, 3, 7, 9, 11), and contex-
tual well-being (1, 5, 6, 8, 9, 10, 11, 13). These studies 
aimed to shed light on the determinants of individuals’ 
happiness on a day-to-day basis (4, 15, 16), considering 
both internal and external factors that may influence 
one’s emotional state.

Three studies (12, 17, 20) focused on momen-
tary psychological stress. Multiple studies explored 
the triggers and consequences of momentary stress, 
including its association with mood, tiredness, and 
fatigue (9, 11, 20). Moreover, smoking urges (13, 19) 
were examined as a focal point in understanding addic-
tion and behavioral patterns. Some studies also used 
measures of both physical and emotional well-being, 
with assessment of affect (20), pain, and fatigue levels 
(10, 20). The connection between lifestyle choices and 
emotional states is also explored, for example relating 
eating and drinking habits (2, 3) with happiness and 
psychological well-being. Lastly, substance use (12), 
anxiety and avoidance (8), and the concentration of 
nature on mood (5) were investigated as outcome vari-
ables in other studies.

GPS recording
GPS coordinates were recorded at various frequencies. 
Eleven studies used continuous recording with varying 
intervals, six used momentary recording (at each EMA 
response), and three studies did not provide informa-
tion about the recording intervals. The frequency used 
during continuous recordings varied across studies, 
with some sampled every 15 seconds (5, 13), while oth-
ers were collected at 1-minute (2, 17), or 5-minute (7, 
9, 14), or could be self-defined by the participants, at 
either 2, 5, 10, 30, or 60 minutes (15) intervals. Addi-
tionally, some studies recorded GPS data at each EMA 
prompt (1, 6, 11, 12, 16, 19). Moreover, one study 
implemented a unique approach where GPS recordings 
occurred at regular time intervals for participants with 
an Android OS smartphone, while participants with 
iOS smartphones had GPS position recorded only when 
they were changing location (4). The diversity of record-
ing intervals used in these studies highlights the flexibil-
ity and adaptability of EMA in capturing real-time data 
in ecological contexts.

Deriving environmental exposure from GPS locations
Several methods were used to derive environmen-
tal exposures and link these to EMA responses. Most 
studies used buffer calculations (N=9), which allowed 
authors to assess exposure to predefined factors within 
a certain distance, such as presence or number of alco-
hol, tobacco, or food outlets (2, 6, 13, 19) and physical 

environment variables (e.g., population density, type of 
land use, traffic noise, weather, or exposure to green-
ery) (4, 9, 10, 16, 18). The size of buffers ranged from 
50m to 1,600m in the reviewed studies. Direct spatial 
overlay was the second most used technique (N=4). 
Using this method, researchers were able to character-
ize participants’ locations in terms of their social and 
physical environments, by overlaying Census data to 
establish local social indicators (11, 12, 15), or Google 
Place API and weather datasets to identify the type of 
location and meteorological conditions (8). Two stud-
ies used prompted recall diaries to identify the type of 
locations the participants had visited during the day (17, 
18), one of which completed location identification with 
spatial segmentation to distinguish between indoor 
and outdoor locations (18). Two other studies resorted 
to Google Maps to retrieve specific information about 
participants’ location, such as the type of location (8), 
or to identify if the participant was in a green space (5). 
One article used viewshed analysis to derive exposure to 
greenness (1). Some studies also used the location data 
to derive daily mobility metrics, whether significant 
locations detection, identifying the number of places 
where participants had stayed for at least 10 minutes 
(13); measuring convex hulls (15) or using trajectory 
imputation methods (7) to identify periods of move-
ments and periods of pauses.

Compliance and GPS match
Compliance, that is, the proportion of received prompts 
that were answered, was reported in 17 studies, and var-
ied from 50% (l) to 100% (d, k), and three studies did 
not report compliance rate (5, 7, 14). No study reported 
if compliance varied by demographic or time-varying 
variables. Eight studies reported the proportion of EMA 
prompts for which a GPS coordinate was obtained: 46% 
(19), 56% (12), 75% (9), 76% (4), 86% (8), 99% (11), and 
100% (13, 16). No study reported statistics on latency, 
that is, the delay between a prompt and an answer. No 
study reported how many prompts have been received.

Modeling approaches
One study limited itself to descriptive statistics as the 
sole analytical approach without employing any other 
models (13). Modeling approaches include the use of 
zero-inflated Poisson models to handle excess of zeros in 
the data (2), multilevel models, and structural equation 
models (SEM) with cluster-robust estimation methods 
for handling clustering effects (18). More precisely, mul-
tilevel modeling (MLM) was the main approach used, 
with different configurations, including multilevel logistic 
regression (3, 20), multilevel linear models (1, 4, 5, 9, 14, 
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15, 19), and multilevel ordinal regression models (10, 16, 
17). All the studies using multilevel approaches nested 
the data into two levels — answered prompts within indi-
viduals —, except for one study that used three levels, 
with assessments nested within days within individuals 
(19). Additionally, bivariate correlations (7), and gener-
alized estimating equations (12) were applied. A study 
employed logistic regression models with individual fixed 
effects (6), and multi-layered personalized deep-learning 
models with temporal patterns (8).

Guideline development
Consensus on the proposed guideline was reached after 
two rounds of interactions between the core team and 
each of the three experts consulted individually. Follow-
ing the guideline development process, we ended up with 
a proposed STROBE-GEMA extension that includes a 
total of 27 categories (plus 4 subcategories), combining a 
total of 70 items. The 22 categories and 32 items from the 
original STROBE guideline have been integrated in our 
GEMA guideline. Eight categories and 6 items from the 
CREMAS guideline have been included to our guideline. 
We created one new category (namely “Consent”) and 
added 32 new items specific to GEMA studies. Below, 
Table 2 shows the guideline extension.

Discussion and conclusion
The aims of this study were twofold: 1) Conduct a sys-
tematic review of GEMA studies that use sensor-based 
location data to construct and relate measures of envi-
ronmental exposures and/or experiences with behavioral 
or health outcomes; and 2) Develop a STROBE extension 
guideline for GEMA studies. An important strength of 
this guideline is that it has been refined in collaboration 
with international GEMA experts.

As happens with some projects, our initial goal was 
only limited to the first part, but the review showed us 
important gaps and inconsistencies in how GEMA stud-
ies are currently reported, leading us to extend our work 
with this second objective of guideline development. 
The review identified a total of 20 studies that met our 
inclusion criteria. These came from a wide range of dis-
ciplines, and were all published in distinct journals, 
underlining the variety of fields in which this method is 
increasingly being used.

Heterogenous reporting conventions highlight the 
need for standards to unify reporting elements and more 
efficiently develop a useful actionable knowledge base 
for future research. Based on this review’s results, and on 
existing STROBE and CREMAS guidelines, a STROBE-
GEMA guideline was developed to propose recommen-
dations to report future GEMA studies. The guideline 
has a total of 27 categories. A total of 20 additional 

items, in 10 of 22 of the original STROBE categories, 
12 other additional items, in 6 of the 16 of the original 
CREMAS categories, and 1 item in 1 new category (con-
sent) were added. While this review aimed at identifying 
a systematic way to report GEMA studies, this guideline 
does not serve as a GEMA study design recommenda-
tion. However, it can give the researchers an overview of 
what factors are important to consider when designing a 
GEMA study.

When creating this guideline, several key concerns 
were raised regarding GPS data collection and treatment. 
While there are agreed upon minimal wearing time 
thresholds for accelerometry data when aiming to meas-
ure daily physical activity [6], there is no such equivalent 
to evaluate how much missing location data can affect - 
or not - a GEMA study, although there are ways to ensure 
that the amount of time under observation (aka, the 
denominator) is balanced across participants, which can 
alleviate some uncertainty.

Missing location data may sometimes truly be linked 
to participants’ refusal to share their location, but it is 
most often due nothing to other compliance factors. 
Spending time in locations that are not reached by GPS 
signals, such as underground transportation systems, 
and many other indoor places, are challenges related to 
the technology itself. Interesting methodological devel-
opments in geographic imputation can provide location 
estimates of missing activity space data in GEMA stud-
ies. The Socio-spatial Adolescent Study, conducted in 
Richmond, Virginia, collected data among 247 adoles-
cents between 2012 and 2014. Using relatively simple 
geographic imputation techniques, either imputing (arti-
ficially removed) missing data through a random selec-
tion among the known locations (Census tracts) for a 
given individual or imputing missing data with a person’s 
activity space centroid location showed good model 
performance [40]. Also complicating matters is the fact 
that geolocation accuracy (how close the measure is to 
what it should be measuring) and precision (how clus-
tered repeated measures are), when location coordinates 
are available, can often be difficult to assess, because 
the ‘true’ location is most often unknown. In that same 
GEMA study with adolescents held in Richmond, among 
3718 GEMA answers from 72 participants who reported 
being at home and for which precise residential home 
location was available, 76% of GPS points fell within 
half a mile, 61% within a quarter mile, and 48% within a 
sixteenth of a mile of participants actual home location 
[39]. Some devices may provide complete GPS NMEA 
sentences that include metrics such as Dilution of Preci-
sion or number of visible satellites, which can help esti-
mate spatial accuracy, but most often, these complete 
sentences are not available.
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When we do have a-priori hypotheses about place 
effects requiring within-day, perhaps time-of-day level 
precision, a key consideration is whether the research 
content area focus is more on place-based exposures 
(e.g., inhaling particulate matter) versus subjective expe-
riences (e.g., experiencing acute distress). This also leads 
to an important distinction between objective (GIS) and 
subjective (self-reported) environmental measures. Loca-
tion can today be tracked passively - that is, without any 
active input from the participant beyond his/her consent 
and her willingness to carry a smartphone or any other 
type of device that contains a GPS receiver [24]. How-
ever, additional information such as the type of activities 
being conducted, specific health behaviors such as diet 
or tobacco consumption, current emotional states and 
social interactions still require active self-report. This 
data collection is often conducted using electronic diaries 
or short questionnaires.

While we believe the detailed collection of within-day 
information about activity locations that GEMA can 
provide, especially when continuous GPS tracking is 
done, helps address the Uncertain Geographic Context 
Problem [31, 34], issues of causality remain to be bet-
ter addressed. Indeed, the selective daily mobility bias, 
linked to the fact that people purposefully choose some 
destinations because of personal preference rather than 
accessibility or exposure makes it more difficult to assess 
directionality in observed momentary spatial exposures 
and correlated behavioral “outcomes” [5]. Additionally, 
while there is a large body of work on spatial distribution 
of both outcomes (e.g., psychological outcomes, health 
behaviors) and environmental exposures (e.g., ‘neigh-
borhood research’), with inputs from various disciplines 
including geography, transportation, or environmental 
psychology, within-day and within-person variations 
in such people-place interactions have historically only 
recently started to be explored.

Conceptualizing place-effects as experiences lends natu-
rally to what Cummins et al., [13] refer to as a “relational,” 
i.e., network-based, disaggregated, place-effects, which 
itself diverges in a number of interesting and potentially 
consequential ways from traditional cumulative exposure 
conceptions of place [65]. We can only assume that many 
essential psychometric developments remain yet unre-
alized within this still novel area of health research. The 
present guideline aims to establish reporting guidelines 
that are technically inclusive and comprehensive, and also 
future-oriented toward the high degree of uncertainty we 
face as these technologies continue to rapidly advance.

This guideline can be used with consideration of other 
sensor-measured environmental and behavioral factors 
such as light, noise, physical activity. Since reporting 

guidelines for such variables was out of the scope of our 
work, existing guidelines can be used to correctly report 
these various dimensions. For example, [44] have pub-
lished recommendations for reporting accelerometer 
measured physical activity intervention studies. There 
is also a promising potential to combine GEMA studies 
with qualitative mapping procedures [37, 38].

In conclusion, this is the first study with the initial aim 
to systematically review GEMA studies using sensor-
based location data and related environmental exposures. 
Because of substantial reporting inconsistencies, we devel-
oped this STROBE-GEMA guideline. We believe this 
guideline will be useful to the large variety of GEMA stud-
ies that explore how the environments we live in influence 
subjective states, behaviors, and physiological parameters. 
As the variety and use of sensors for momentary assess-
ments will increase, it might be combined with other sen-
sor-specific reporting guidelines.
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