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Introduction

Research in systems and cognitive neuroscience has 
grown exponentially in the past decade. While systems 
neuroscience is focused on the structure and function of 
neural circuits and systems, cognitive neuroscience is cen-
tered on the biological processes that underlie cognition. 
The methods utilized in both disciplines often overlap 
(i.e., behavioral measurements). Sample sizes used in both 
subdisciplines are often underpowered due to the time, 
cost, and invasiveness involved with the chosen method(s), 
as well as the availability of populations of interest. For 
example, the median sample size of psychology studies 
has been found to vary between 40 and 120 (Marszalek 
and others 2011). While these numbers may suffice to test 
some hypotheses, they are often underpowered (Button 
and others 2013; Open Science Collaboration 2015).

The Problem: Reproducibility, 
External Validity, Power

Recent reports underlined the problem of the lack of 
reproducibility in these fields (Harris 2017; Munafò 

2017; Open Science Collaboration 2015). The use of 
small sample sizes has weakened the external validity 
(i.e., generalizability of findings) and conclusions drawn 
from previous investigations (Button and others 2013). 
Studies using expensive or immobile equipment (e.g., 
neuroimaging systems, robotic exoskeletons, transcranial 
magnetic stimulation systems) require that participants 
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travel to a central location or laboratory to undergo test-
ing, thus limiting the number and diversity of participants 
(Button and others 2013) (i.e., young college students; 
“The University Student as a Model Organism,” 2010). 
But even most behavioral investigations that did not 
require such equipment so far have also been imple-
mented inside laboratories, including small underpow-
ered samples and restricted demographics.

The Solution: Online Crowdsourcing

Strategies to address these problems have included multi-
center studies and data sharing consortiums. More 
recently, crowdsourcing has been used in other fields to 
acquire large quantities of human data samples. 
Crowdsourcing in other fields allows collection of large 
sample sizes in a fraction of the time of in-lab studies 
(e.g., neuroeconomics; Ashar and others 2017; Genevsky 
and others 2017; Tong and others 2020). This approach 
enhanced external validity, improved statistical power, 
and allowed faster investigation of reproducibility of 

results from these investigations. But there has been little 
use of crowdsourcing for cognitive and human systems 
neuroscience research to date. Here, we introduce the 
concept of crowdsourcing research, highlight emerging 
crowdsourcing literature in these fields, and lastly iden-
tify possible future research contributions of this novel 
approach. A more diverse and larger population of par-
ticipants carrying out the task in their own environment 
leads to the conclusions of crowdsourced studies to be of 
greater external validity and real-world significance than 
traditional in-lab experiments.

Crowdsourcing Increases Sample Size

Crowdsourcing research involves the mass distribution of 
research-related tasks online for people to complete in 
exchange for monetary compensation (Fig. 1) (Sauter and 
others 2020). Websites such as Amazon Mechanical Turk 
(MTurk) (Buhrmester and others 2011) and Prolific 
(Palan and Schitter 2018) act as a host to allow for the 
direct connection of researchers and participants to enable 

Figure 1.  Flowchart of running behavioral studies online as per Sauter and others (2020). After researchers design an 
experiment, it is set up in the chosen online host website. From there, the experiment is available either on the host website 
directly or a web link is provided to a third-party website where the online experiment can be accessed by the online 
participants. The online host recruits participants and facilitates access to the experiment for the participants. The researchers 
can later access the study data from the online host server and/or third-party web server.
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crowdsourcing research to take place. Research-related 
tasks and experiments can be distributed to either all 
potential participants who are interested or distributed to 
a group narrowed by specific demographic factors. 
Potential participants are notified by the online host of the 
various available research-related tasks for which they 
are qualified, and then can choose whether to accept the 
task or not. Tasks can be conducted within the MTurk or 
Prolific platforms, or via a linked third-party website 
within the MTurk or Prolific task description (Anwyl-
Irvine and others 2020; Barnhoorn and others 2015; Stoet 
2010). These platforms have internal payment systems 
that can transfer money from the researcher to the partici-
pant after a task has been completed. As the pool of 
unique active users continues to grow, researchers have 
access to tens of thousands of potential participants to 
allow for entire tasks or studies to be completed within 
minutes or hours.

Crowdsourcing Data Analysis

Online crowdsourcing has long been utilized by the social 
sciences through the use of surveys (Chandler and 
Shapiro 2016) and has become popular within neuroeco-
nomics to predict large scale behavior based on neuroim-
aging (Ashar and others 2017; Genevsky and others 
2017; Tong and others 2020). For example, Tong and oth-
ers (2020) utilized functional magnetic resonance imag-
ing (fMRI) of a laboratory sample to forecast the 
aggregate frequency and duration views of 32 online vid-
eos (Fig. 2). The 32 videos were selected from 2,950 
video thumbnails rated by participants on MTurk who 
subjectively rated video thumbnails on clarity, affective 
arousal, affective valence, and desire to watch the video 
based on the thumbnail. Thus, crowdsourcing allowed for 
Tong and others (2020) to use videos in the fMRI experi-
ment, which had various levels of the desired affective 
ratings. By analyzing fMRI data of participants watching 
the same internet videos, Tong and others (2020) found 
that nucleus accumbens activity during video onset was 
positively correlated with online aggregate view fre-
quency while anterior insula activity during video onset 
was negatively correlated with online aggregate view 
duration. But within neuroscience, these paradigms have 
almost exclusively been used to crowdsource data analy-
sis of data sets (Roskams and Popović 2016). Perhaps 
most notable is Eyewire (Helmstaedter and others 2013; 
Marx 2013; Tinati and others 2017), which asks citizen 
scientists to help analyze brain slice images (Fig. 3). But 
other examples include visual scoring of electroencepha-
lographs to strengthen machine learning algorithms 
(Lacourse and others 2020; Warby and others 2014), and 

providing subjective ratings to stimuli prior to their use in 
neuroimaging (Freeman and others 2013; Kar and others 
2019; Mormann and others 2017; Norman-Haignere and 
others 2015). That is to say, crowdsourced samples thus 
far have been most commonly used in neuroscience 
research to hasten manual data analysis, strengthen 
machine learning algorithms, or in task development.

Crowdsourcing Strategies

Recent advances now allow for the participant’s com-
puter mouse, camera, and microphones to be used to 
investigate a variety of human behaviors, including motor 
control and motor learning. Recent crowdsourcing stud-
ies have collected data via tracking of the user’s computer 
mouse (Tsay and others 2021; Williams and others 2017) 
or cameras (Chouinard and others 2019; Madsen and oth-
ers 2021; Semmelmann and Weigelt 2018). For example, 
Valliappan and others (2020) demonstrated that smart-
phone cameras can be used to capture oculomotor move-
ments with similar accuracy to mobile eye trackers 100 
times more expensive (Valliappan and others 2020) (Fig. 
4). In addition, the increasing use, and decreasing cost, of 
wearable biotechnologies (Lang and others 2017; Yang 
and Hsu 2010) and brain-computer interfaces (Peterson 
and others 2020) also brings forth the exciting possibility 
of integrating these technologies in cognitive and human 
systems neuroscience.

Improving Reproducibility

Crowdsourcing allows evaluation of reproducibility of 
in-lab investigations. For example, Bönstrup and others 
(2020) (Fig. 5) utilized online crowdsourcing to assess 
reproducibility and generalizability of a previously 
obtained in-lab result in daily living situations. The ini-
tial in-lab investigation characterized a rapid form of 
consolidation of motor skill on the scale of seconds (n = 
27) (Bönstrup and others 2019). They later reproduced 
the in-lab behavioral finding in a much larger online 
sample (n = 389) (Bönstrup and others 2020). Assessing 
reproducibility of that result through an in-lab experi-
ment would have taken years to complete. Online stud-
ies also allow investigators to build assessments of 
reproducibility into original experimental designs. This 
can be implemented by simultaneous online testing of 
the same hypothesis in different groups of individuals in 
a much faster and cost-effective manner than in a labo-
ratory setting. Validating in-lab studies online then 
allows for new hypotheses to be explored through online 
crowdsourcing (Bönstrup and others 2020; Enochson 
and Culbertson 2015).
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Figure 2.  Use of in-lab functional magnetic resonance imaging (fMRI) activity to forecast behavior of a population on the 
internet. Figure as per Tong and others (2020). Use of fMRI to investigate whether in-lab group neural activity while watching 
internet videos could forecast aggregate online behavior (i.e., view frequency and duration of views as percentage of video 
watched) of the same internet videos. (Top) NAcc, (Middle) AIns, and (Bottom) MPFC. Prior to initiation of the fMRI study, a 
pilot study used online crowdsourcing to select 32 out of 2950 videos to use which had various levels of affective ratings from 
the online participants (i.e., clarity, affective arousal, affective valence, and desire to watch the video based on the thumbnail). The 
main findings shown are that NAcc activity during video onset was positively correlated with online aggregate view frequency 
and AIns activity during video onset was negatively correlated with online aggregate view percentage (i.e., view duration). NAcc, 
nucleus accumbens; AIns, anterior insula; MPFC, medial prefrontal cortex. *P < 0.05; **P < 0.01.
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Figure 3.  User interface of a crowdsourcing data analysis task called Eyewire. Figure as per Tinati and others (2017). Eyewire is 
a citizen science project where people online help to analyze neuroimaging data. The work of the citizen scientists is combined 
with machine learning classifiers to help with analyses of the connectome. The citizen scientists are asked to repetitively follow a 
single retinal neuron through slices of serial block-face electron microscopy (SBEM) images (right) to create a three-dimensional 
representation (left). Gamification elements (e.g., real-time chat, points, challenges, leaderboard) are integrated into Eyewire to 
encourage engagement and motivation.

Crowdsourcing in Exploratory and Hypothesis-
Driven Investigations

Beyond reproducibility, crowdsourcing provides advan-
tages to conducting both exploratory and hypothesis-
driven research. In exploratory studies, increasingly 
more systematic investigations can be conducted into 
phenomena of interest. For example, different study 
groups can be tested serially or in parallel to carry out a 
parametric investigation of the effect of varying a task 
parameter on a given behavior. In hypothesis-driven 

studies, the ability to recruit large samples will allow for 
testing of hypotheses with small expected effect sizes, 
thus requiring a large sample size not commonly feasible 
during in-lab investigations. The ease of participation in 
online experiments can allow for longitudinal studies to 
be conducted with greater frequency of timepoints and 
longer overall duration. However, it should be noted that 
longitudinal online experiments pose challenges that 
single sessions do not. The most important one is the 
likelihood of higher dropout rates and poorer compliance 
after the initial session. The exponentially larger 
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Figure 4.  Use of smartphone cameras to track visual gaze scanpath. Figure adapted from Valliappan and others (2020). 
Valliappan and others (2020) utilized the built-in cameras on smartphones to track gaze scanpaths of participants during visual 
search tasks. (a) Participants were asked to focus their gaze on a target with high contrast to the other targets. The image shown 
is an example from a single participant displaying scanpath while searching for the specified target. (b) Participants were asked 
to focus their gaze on a specified target in each image. Images on the left are examples from a single participant which indicate 
fixation heatmaps during visual search for a target object. Images on the right are examples from a single participant which 
indicate visual scanpath while searching for a target object. The authors found that the accuracy of their method used for eye 
tracking via smartphones is similar to that of mobile eye trackers 100 times more expensive.

recruitment numbers relative to lab investigations are 
likely to uncover novel mechanisms of behavior. There 
have indeed been recent unique uses of crowdsourcing 
platforms in the fields of linguistics (Enochson and 
Culbertson 2015), and of visual (Kim and others 2019; 
Panichello and others 2019) and auditory (McWalter and 
McDermott 2019; Mehr and others 2018) perception.

The New Problem: Internal Validity, 
Causality

The use of crowdsourcing carries additional challenges 
like inherently decreased internal validity (i.e., confi-
dence in the scientific methods used to determine causal-
ity). Factors contributing to the variability in results from 
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online experiments relative to results from in-lab studies 
may include differences in participants’ setups, environ-
ments, hardware and software, as well as engagement 
(Anwyl-Irvine and others 2020; Bridges and others 2020; 
Clifford and Jerit 2014; Simcox and Fiez 2014; Garaizar 
and others 2014; Paolacci 2010; Plant and Turner 2009; 
Pronk and others 2020; Yung and others 2015). These 
factors are highlighted below, as well as some of the 

unique ethical issues that are raised by online crowd-
sourcing studies.

Crowdsourcing Demographics

While the worldwide pool of registered MTurk users is in 
the hundreds of thousands (Difallah and others 2018; 
Robinson and others 2019), the majority of all tasks are 

Figure 5.  Crowdsourced replication of in-lab motor learning study results. Figure adapted from Bönstrup and others (2020). 
(a-c) In-lab study. (d-f) Crowdsourced study. (a, d) Motor sequence learning task used in both studies. (b, e) Learning curves 
reporting tapping speed as mean inter-tap interval within correct sequences (correct keypresses/s) for the in-lab (b) and 
crowdsourced (e) studies. Both studies characterized micro-online changes (change in tapping speed between first and last 
correct sequence during a practice period) and micro-offline changes (change in tapping speed between last correct sequence 
during a practice period and the first correct sequence during the next practice period) in motor skill learning. (c, f) Sum of 
changes in performance (mean = red line) during early learning (first five trials) for each participant. Note the reproducibility of 
the learning curves (b and e) and core finding that all early learning was accounted for by micro-offline gains during wakeful rest 
intervals (c and f). ***P < 0.001.
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carried out by a small percentage of active users (Berinsky 
and others 2012; Chandler and others 2014; Stewart and 
others 2015). For example, Chandler and others (2014) 
report that 41% of all completed task submissions were 
accounted for by 10% of users on MTurk. Furthermore, a 
2010 study reported that almost all MTurk users were 
located in the United States or India (Paolacci 2010), 
biasing external validity (i.e., confidence in the general-
ization of the study conclusions beyond the specific con-
text of the study) in international studies. The MTurk user 
population has previously not been found to be represen-
tative of the U.S. population (Berinsky and others 2012; 
Corrigan-Gibbs and others 2015; Huff and Tingley 2015; 
Paolacci and Chandler 2014; Shapiro and others 2013). 
However, Berinsky and others (2012) noted that MTurk 
participants were more representative of the U.S. popula-
tion in general than commonly used college student sam-
ples in university based in-lab investigations. As a more 
recently developed platform, there is less published on 
the demographics of Prolific. Prolific has been found to 
have more active users than MTurk (Robinson and others 
2019). Fortunately, screening filters are available in both 
platforms to attempt to recruit demographically represen-
tative or specific populations (Kim and others 2018; Yang 
and others 2014).

Online participants must also contend with the tempta-
tion to finish a study as quickly as possible in order to 
move onto the next study and maximize monetary com-
pensation over time. For some participants, this could be 
accomplished through not complying with instructions or 
speeding up in a way that compromises accuracy. This 
financial incentive also brings the risk of decreased moti-
vation from participants, or even fraudulent responses 
(Chandler and Paolacci 2017). To contend with this, 
online crowdsourcing paradigms have allowed for 
researchers to rate the quality of performance from a 
given participant, with the ability to also ban the partici-
pant from any future studies or even deny payment, 
though the ethical concern with the latter must be noted.

Because there is a relatively limited number of active 
users who complete many online studies, there is the pos-
sibility that these active users may re-encounter the same 
or similar commonly used experimental tasks requiring 
naïve participants, eventually becoming familiar with 
them. The effect of non-naivete on performing cognitive 
tasks in online environments has been mixed and seems 
to depend on the task (Chandler and others 2015; Zwaan 
and others 2018). Although not explicitly investigated 
yet, non-naivete is of particular concern for motor learn-
ing studies, which often utilize a handful of tasks such as 
the motor sequence task (Karni and others 1998) and 
serial reaction time task (Nissen and Bullemer 1987), and 
can result in long-term retention of the learned motor 
skill. Participants could then likely demonstrate 

uncharacteristically fast performance improvements via 
re-learning (or savings) (Krakauer and others 2005), sub-
sequently skewing study results (Chandler and others 
2014; Chandler and others 2015). In addition, individuals 
could even display transfer or generalization of skill from 
study tasks that they previously completed to novel study 
tasks (Seidler 2004). MTurk and Prolific have developed 
tools to address, at least partially, these potential con-
founds. These platforms allow for researchers to track the 
user identification number of previous participants so that 
research groups can exclude individuals from participat-
ing in future studies using the same or similar tasks. 
However, as the use of online platforms grows and mul-
tiple research groups start to study the same tasks, recruit-
ing completely naïve participants will only become more 
difficult.

Variability of Environment, Setup, Hardware, 
and Software in Crowdsourcing

Another factor to consider with online crowdsourcing is 
that participants complete studies in a variety of environ-
ments. It has been found that MTurk users tend to be pres-
ent in distracting environments, where other people may 
be present or have other visual and auditory stimuli co-
occurring (Clifford and Jerit 2014; Simcox and Fiez 
2014). In addition, the environment and physical setup of 
participants will vary with regard to room lighting, physi-
cal posture, distance, and gaze angle from the device 
(Yung and others 2015), among others. Last, researchers 
must also contend with the inherent variability brought 
by the many hardware and software options that partici-
pants may use. Examples include the dimensions of the 
devices and hardware being used, as well as response 
times of software and hardware (Anwyl-Irvine and others 
2020; Bridges and others 2020; Garaizar and others 2014; 
Plant and Turner 2009; Pronk and others 2020). Similarly, 
internet speed and reliability will be inherently variable 
across participants. Hypothesis generation should con-
sider that all these factors will influence end-point 
measures.

Strategies to Improve Data Quality in Online 
Studies

Fortunately, there are methods that the researcher can 
implement to decrease the frequency of poor data quality 
caused by misunderstanding of instructions, decreased 
attentiveness, decreased motivation, or fraudulent 
responses. Examples include quizzing participants on 
task instructions (Crump and others 2013), increasing 
meaningfulness of the task by informing participants of 
the scientific and real-world importance of the study 
(Chandler and Kapelner 2013; Goncalves and others 
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2015), asking participants to commit to providing high-
quality data (Elmalech and Grosz 2017), as well as requir-
ing individuals to list, or choose from multiple choice, 
demographic screening variables rather than simply ask-
ing whether or not they meet the listed criteria (Chandler 
and Paolacci 2017). Increasing participant compensation 
has been found to increase motivation and attentiveness 
(Aker and others 2012; d’Eon and others 2019; Durward 
and others 2020) (but see Litman and others 2015 regard-
ing data quality) while also increasing the risk for fraudu-
lent responses (Chandler and Paolacci 2017). Investigators 
may consider incorporating additional measures in their 
task design that can capture data quality (i.e., measure-
ments of reaction times or eye movements during task 
performance that can inform about subjects’ attention) 
and later control for such factors during analysis. All of 
these factors highlight the importance of pilot testing in 
online crowdsourcing research (see Box 1).

In-Lab and Online Hybrid Studies

The use of in-lab/online crowdsourced hybrid studies can 
contribute to provide complementary information on a 
given hypothesis. For example, while crowdsourcing can 
characterize a reproducible behavioral phenomenon, in-
lab investigations can identify the neural substrates 
underlying that behavior through neuroimaging or the 
causality of the involvement of those brain regions 

through brain stimulation or pharmacological interven-
tions. The reverse is also possible. Researchers may con-
sider first validating known in-laboratory findings with 
crowdsourced samples before adding research questions 
that can possibly be answered through crowdsourcing 
(Barnhoorn and others 2015; Bönstrup and others 2020; 
Crump and others 2013; Enochson and Culbertson 2015; 
Hilbig 2016; Slote and Strand 2016; Zwaan and Pecher 
2012).

Future Directions

Expansion of Crowdsourcing Research

Online crowdsourcing research will likely see a sharp rise 
in utilization in cognitive and human systems neurosci-
ence research in the near future. Internet access and usage 
continues to increase worldwide, with over 4.6 billion 
currently estimated internet users. In addition, the so-
called “gig economy” has gained immense popularity 
worldwide, with workers increasingly turning to part-
time work (e.g., ride sharing, apartment rentals, grocery 
delivery) for additional income. Participating in online 
studies is in line with the combination of these trends, and 
rather than necessitating the acquisition of a mode of 
transportation or living quarters, users require nothing 
more than an internet-compatible device to earn money 
by participating in research. As such, it should be expected 

Box 1.  The Importance of Pilot Testing in Online Crowdsourcing Research.

Online crowdsourcing allows for hundreds or thousands of participants to complete a single study within a single day. Given the 
speed with which data can be collected, it is of the utmost importance that the experiment be fully piloted and troubleshot 
before being launched online. While it is possible to cancel a study after being launched on MTurk, potential participants who 
have already seen the link to the study on MTurk prior to the cancellation being initiated can still complete the study. That 
means, for example, if 700 participants are requested through the MTurk platform and the study is launched but subsequently 
cancelled seconds or minutes later, there is the potential for hundreds of participants to still complete the study. This makes 
piloting of the experiment interface, data acquisition, and data quality extremely important before launching the experiment 
online. But while these factors can typically be piloted and troubleshooted in-house, it is more difficult to determine what 
instructions will be most effective in optimizing participant understanding of the study and subsequent data quality.

Given that the demographics of individuals in online crowdsourcing studies are more heterogenous than the undergraduate 
students who are commonly recruited for studies, crowdsourced samples may be less familiar with the goals and methods 
of some studies. In addition, many workers on MTurk and other platforms participate in multiple studies per day, sometimes 
in distracting environments, both of which can lead to attentional strains. There is also the temptation to complete as many 
studies online as possible within a given timeframe to maximize monetary reward, which may lead to skipping through 
instructions. This is why it is important for researchers to make study instructions as concise as possible, with important 
points emphasized via underlining, bolding, or highlighting. Video and/or audio instructions could be utilized as well. There 
is also the possibility of incorporating a set temporal interval for each instructional prompt, or a minimum temporal interval 
before participants can voluntarily advance to the next prompt. Other strategies to enhance participant understanding 
include additional prompts repeating key information, questions probing participant understanding of instructions, allowing 
practice trials (which can include automated corrective feedback), and monetary bonuses for high quality data.

But these various methods also bring forth the possibility of fundamentally changing the study experience for the participant 
(e.g., potential for a monetary bonus for high data quality), confounding the interpretation and analysis of data collected 
via multiple instructional methods. It is therefore important to pilot what instructional method(s) produce acceptable data 
quality from small pilot samples before subsequently launching an experiment seeking a large sample size with one standard 
instructional experience for all participants.
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that the number of users of crowdsourcing research plat-
forms will follow.

Another catalyst of increasing popularity of crowd-
sourcing research is the COVID-19 pandemic and result-
ing economic downturns. As a result, many people are 
unemployed or underemployed, and stay at home orders 
make other gig economy jobs difficult to perform as well. 
Additionally, many research institutes and universities 
have halted or severely limited ongoing studies during 
the COVID-19 pandemic, including cognitive and human 
systems neuroscience. It should then be expected that 
online crowdsourcing platforms will see a rise in the 
number of users looking to participate in studies, as well 
as researchers turning to crowdsourcing as an option to 
continue research.

Conclusions

Laboratory behavioral research in cognitive and human 
systems neuroscience has long been limited by underpow-
ering, limited demographics, reproducibility, and external 
validity. Online crowdsourcing research allows for 
researchers to quickly recruit larger, more representative 
sample sizes than traditional laboratory experiments. 
While crowdsourcing has been used in past neuroscience 
research to aid in data analysis, task development, and 
strengthen machine learning algorithms, other recent 
behavioral studies of cognitive and human systems neuro-
science have utilized participants’ computer (e.g., mouse, 
camera, keyboard) to conduct hypothesis-driven and 
exploratory research in a fraction of the time of in-lab 
studies. However, limitations of online crowdsourcing 
research include limited internal validity and increased 
variability of data. While online crowdsourcing research 
has become more popular in cognitive and human systems 
neuroscience over recent years, it is likely that the limiting 
of in-lab research during the COVID-19 pandemic will 
result in an increase in crowdsourcing research.
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