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A B S T R A C T

The emotional stress response is relevant to a number of psychiatric disorders, including posttraumatic stress
disorder (PTSD) in particular. Research using neuroimaging methods such as functional magnetic resonance
imaging (fMRI) to probe stress-related neural processing have provided some insights into psychiatric disorders.
Treatment providers and individual patients would benefit from clinically useful fMRI paradigms that provide
information about patients’ current brain state and responses to stress in order to inform the treatment selection
process. However, neuroimaging has not yet made a meaningful impact on real-world clinical practice. This lack
of clinical utility may be related to a number of basic psychometric properties that are often overlooked during
fMRI task development. The goals of the current review are to discuss important methodological considerations
for current human fMRI stress-related paradigms and to provide a roadmap for developing methodologically
sound and clinically useful paradigms. This would include establishing various aspects of reliability, including
internal consistency, test-retest and multi-site, as well as validity, including face, content, construct, and cri-
terion. In addition, the establishment of standardized normative data from a large sample of participants would
support our understanding of how any one individual compares to the general population. Addressing these
methodological gaps will likely have a powerful effect on improving the replicability of findings and optimize
our chances for improving real-world clinical outcomes.

1. Introduction

Research using functional magnetic resonance imaging (fMRI) has
made remarkable achievements that have shaped our current under-
standing of the neural mechanisms underlying emotional stress and
their contributions to psychiatric disorders. While much has been ac-
complished within this field, there is still room for improvement, par-
ticularly in regard to clinical utility. Treatment providers and individual
patients would benefit from clinically useful fMRI paradigms that help
to provide information about how patients’ current brain state is related
to their symptoms and responses to stress, as well as to inform the
treatment selection process. This information could be particularly
useful as a psychoeducational tool to inform patients about how
treatments target specific neural mechanisms. The goals of the current
review are to discuss important methodological considerations for
current human fMRI stress-related paradigms and to provide a roadmap
for developing methodologically sound and clinically useful paradigms.
While this review focuses primarily on the application of fMRI to
studying the neurophysiology underlying emotional stress, many of the

recommendations discussed in this review are applicable to other task-
based neuroimaging modalities and other subfields of cognitive and
clinical neuroscience.

There have been numerous studies using fMRI to examine the
neurobiological underpinnings of emotional stress, and these studies
have yielded a wealth of important information about the nature of
emotional stress in healthy individuals and those with psychiatric dis-
orders (for reviews see: Hughes and Shin, 2011; Shin and Liberzon,
2010). While these studies have been useful in discovering neural
markers of psychiatric disorders, the impact of this research on clinical
practice has been astoundingly lacking (Carter et al., 2008; Paulus,
2015). While dissemination of research into the clinical realm is an
obstacle across mental health research (McClean and Foa, 2013;
Shafran et al., 2009; Southam-Gerow et al., 2012), it is often difficult to
even imagine specific ways in which our current fMRI findings could be
disseminated clinically at this point in time. This is despite the fact that
the stress response is considered important in the development and
maintenance of so many different mental health disorders (Riboni and
Belzung, 2017; Zorn et al., 2017). The lack of clinical utility may in part
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be due to the currently accepted methods for developing and testing
fMRI tasks that turn a blind eye to potential future use in clinical set-
tings with individual patients. In comparison to the methodical and
step-wise process of developing a psychological assessment that is ty-
pical within the fields of neuropsychology or clinical self-report, a
number of basic psychometric properties tend to be overlooked during
fMRI task development. This includes considerations essential to re-
liability and validity (Groth-Marnat, 2009). At its most basic, the pro-
cess of developing an assessment would include establishing reliability,
meaning that the measure is stable and consistent, as well as validity,
meaning that the assessment actually is measuring what it is designed
to measure. In addition, the establishment of standardized normative
data from a large sample of participants would support our under-
standing of how any one individual compares to the general population.
While the cost of fMRI is one notable obstacle for its use as a method for
clinical assessment, this is not insurmountable in all cases – particularly
given the widespread use of MRI scanners in hospital settings. Notably,
other fields of medicine routinely utilize relatively expensive tests (e.g.,
anatomical MRIs, CT scans, EKGs, EEGs, etc.), reasoning that it is pre-
ventative of future medical problems and thus reduces future costs. In
addition, developing fMRI paradigms that have known clinical utility
would then allow for identification of cheaper methods for estimating
neural stress response patterns (i.e., using EEG, physiological, or be-
havioral indices). Lastly, even if fMRI is only to be used as a tool for
identifying biomarkers related to current and novel treatment targets in
research (rather than clinical settings), psychometric issues remain a
central obstacle.

There are several caveats and complexities to human neuroimaging
research that have perhaps hindered the development of psychome-
trically-sound paradigms. Perhaps most notably, human clinical neu-
roscience remains an emerging field of study, and the process of es-
tablishing standards for the field is still underway. In addition to
standardizing the process by which fMRI paradigms are developed,
there is also a need for standardizing the preprocessing and analysis
methods used when analyzing neuroimaging data acquired using fMRI.
This is especially important since there have been a number of recent
concerns about the reproducibility and generalizability of findings from
neuroimaging studies (Poldrack et al., 2016). Most human neuroima-
ging research to date takes an approach that is exploratory and requires
a certain degree of fine-tuning depending on the population being
studied and the paradigm being used. This malleable approach to data
analysis, along with a certain lack of transparency in procedure, pre-
sents another potential roadblock to future clinical utility.

A clinically useful fMRI paradigm related to emotional stress would
be one that would allow clinicians to better understand how a specific
patient responds to and processes stress and in turn, make judgments
about what treatments might be most appropriate and hopefully lead to
better outcomes for that patient. In this review, we attempt to lay out a
roadmap for developing fMRI assessments that elucidate the emotional
stress response in ways that could be useful in a clinical setting. To
facilitate the use of concrete examples demonstrating the use of such a
‘clinical-utility roadmap,’ we will focus specifically on posttraumatic
stress disorder (PTSD) as a clinical group for whom the neurobiological
stress response is highly relevant. We start with a review regarding the
various types of fMRI paradigms used to identify neural substrates of
emotional stress, including summaries of results concerning PTSD. We
then summarize research with current stress-related fMRI paradigms in
regards to reliability, validity, or the development of normative data.
Finally, we outline a roadmap regarding optimal steps for supporting
the further development of clinically useful emotional stress paradigms.

2. Paradigms used to assess neural responses to emotional stress

A number of paradigms have been essential to our understanding of
stress- and fear-related neurocircuitry and associated psychiatric dis-
orders. These paradigms can be grouped into two domains, the

cognitive-behavioral and symptom provocation paradigms (Rauch et al.,
2003). Cognitive-behavioral paradigms utilize tasks designed to engage
specific brain systems of interest, such as (1) passive viewing of facial
stimuli, (2) passive viewing of emotionally valenced pictures, and (3)
classical fear conditioning. Conversely, in symptom provocation para-
digms, response to intentionally induced, disorder-relevant symptoms
and control conditions are measured. Both sets of paradigms lend
themselves to examinations across patient and healthy control popu-
lations, behavioral and pharmacological manipulations, as well as
longitudinal and treatment studies. While there have been tasks de-
veloped to specifically probe various aspects of emotion regulation (i.e.,
cognitive reappraisal tasks; Ochsner et al., 2002; Rabinak et al., 2014),
we restrict our following research summary to paradigms that have
been more extensively utilized in research with PTSD, namely emo-
tional face processing, emotional images/scenes, fear conditioning, and
symptom provocation.

2.1. Emotional faces

Paradigms employing facial stimuli usually have subjects passively
view presentations of faces showing various types of emotions (e.g.,
fearful, sad, angry, disgusted, and happy), as well as neutral faces. Early
studies compared responses between differently valenced facial stimuli,
such as fearful vs. neutral or angry vs. happy faces (Rauch et al., 2003;
Davis and Whalen, 2001). Another early study compared responses
between matching similarly valenced facial stimuli and matching
shapes (Hariri et al., 2002). Backward masking has also been used to
assess face processing below conscious awareness (e.g., Whalen et al.,
1998). Recent variations of emotional face paradigms require subjects
to identify the gender of the presented face (Blair et al., 2008), label the
salient affect/emotion (Fonzo et al., 2017), or match the face with
available affective words (Robinson et al., 2012).

Studies show that passive viewing of human face stimuli robustly
produces amygdala activation (Fig. 1; Phan et al., 2002). While the
amygdala is found to activate to facial stimuli regardless of valence
(Breiter et al., 1996), there is some indication that it does so pre-
ferentially for fearful faces (e.g., Whalen et al., 2001; Whalen et al.,
1998). It also appears that the amygdala is particularly sensitive to
processing of facial emotional stimuli, as the amygdala has been found
to activate more for emotional facial expression stimuli than emotional
images (Hariri et al., 2002). Other regions activated by emotional faces
include parahippocampal gyrus (PHG), posterior cingulate cortex
(PCC), middle temporal gyrus, insula, ventromedial prefrontal cortex
(vmPFC), dorsal anterior cingulate cortex (dACC), orbitofrontal cortex
(OFC), visual cortex, putamen, and the cerebellum (Fig. 1; Fusar-Poli
et al., 2009; Posamentier and Abdi, 2003).

2.2. Emotional images and scenes

The International Affective Picture System (IAPS; Lang et al., 2008)
has been used widely to study emotional processing. In a typical ex-
periment, subjects passively view pleasantly and unpleasantly valenced
pictures of varying arousal level expected to elicit corresponding
emotions or stress responses (Fig. 1). Unpleasant, or aversive pictures
for example include scenes of motor vehicle accidents, violence, or
mutilated bodies, while pleasant pictures include images of families,
animals, or neutral objects. When these paradigms are used with psy-
chiatric populations, the content of the unpleasant or aversive pictures
is not disorder-specific. Rather, these paradigms seek to probe emo-
tional processing more generally (in contrast to symptom provocation
paradigms, as described below). Researchers often examine both the
anticipation of and responses to emotional images (Nitschke et al.,
2006; Simmons et al., 2006). Emotional pictures seem to activate a
similar neural network as emotional face paradigms, including the
amygdala, PHG, PCC, insula, vmPFC, dACC, OFC, and visual cortex
(Fig. 1; Phan et al., 2002; Britton et al., 2005).
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2.3. Fear conditioning

Conditioning refers to the process of learning the association be-
tween two previously unrelated stimuli (Pavlov, 1927). In a typical fear
(Pavlovian) conditioning paradigm, a previously neutral conditioned
stimulus (CS) is paired with an aversive fear-inducing unconditioned
stimulus (US) (Fanselow and Ponnusamy, 2008). After repeated pre-
sentations, the CS alone elicits a conditioned fear response (CR) that
occurs independently of the US. Conversely, repeated presentations of
the CS without the US gradually result in weakening of the CR, a pro-
cess called extinction. While fear conditioning can examine how fear is
learned, extinction focuses on how fear is extinguished, or rather how
safety is learned and retained.

Although very similar to animal and non-imaging studies, human
fear conditioning and extinction neuroimaging protocols have em-
ployed a tone, electric shock, thermal stimulus, air blast, odor, or an

aversive image as US, and geometric visual figures, videos, light, tones,
or faces as CS. Protocols vary on whether they employ trace (CS is
presented some brief time before the US) or delayed conditioning (CS
and US overlap, or the CS is immediately followed by the US), as well as
on rate of reinforcement. While the US is typically brief in duration, the
length of CS can range from brief to sustained, which is useful when
fear vs. anxiety (i.e., anticipatory) responses are of interest (Schmitz
and Grillon, 2012). In addition to the US-reinforced CS (CS+), human
neuroimaging studies also typically employ a second, non-reinforced CS
(CS-), which is not associated with the US (Fig. 1). This allows re-
searchers to identify unique fear conditioned neural and psychophy-
siological responses to the CS+. Finally, protocols vary on retention
(CRs in environment where extinction was learned), renewal (CRs in
environment where fear was learned), and reinstatement (CRs to US
after extinction is established) are tested (Lonsdorf et al., 2017). Re-
lated paradigms also include observational fear conditioning paradigms

Fig. 1. Overview of Emotional Stress Paradigms.
A. Emotional provocation paradigms. Left –Examples of stimuli used in emotional faces (Tottenham et al., 2009) and emotional scenes (Lang et al., 2008) paradigms.
Right – Network of brain regions activated during the presentation of emotional stimuli (blue) and implicated in PTSD (red).
B. Typical fear-associated learning paradigm. Left – Examples of conditioned stimuli (CS) used in fear-associated learning paradigms. The CS+ (green triangle) is
associated with an aversive shock (unconditioned stimulus; US) during fear acquisition (marked by electricity symbol), while the CS- (blue square) is not associated
with the US. Right – Network of brain regions activated during fear acquisition (blue), fear extinction (yellow), and implicated in PTSD (red).
C. Symptom provocation paradigms. Left – Examples of stimuli, both neutral and trauma-related, used in script-driven symptom provocation paradigms. Right –
Network of brain regions in which patients with PTSD exhibit significantly greater activation (red) than trauma-exposed controls (TEC) or where patients with PTSD
exhibit significantly greater activation to trauma-related stimuli relative to neutral stimuli (yellow).
Abbreviations: anterior cingulate cortex (ACC), dorsal ACC (dACC), rostral ACC (rACC), caudate nucleus (Caud), precuneus (Prc), retrosplenial cortex (RC), amygdala
(AMY), parahippocampal gyrus (PHG), posterior cingulate cortex (PCC), prefrontal cortex (PFC), ventromedial PFC (vmPFC), orbitofrontal cortex (OFC), insula (INS),
anterior insula (aINS), visual cortex (VC). hippocampus (HIPP), periaqueductal gray matter (PAG), dorsal striatum (DS). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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(i.e., social learning of fear; Olsson and Phelps, 2007; Hygge and
Ohman, 1978; Haaker et al., 2017) and instructed threat paradigms
(where subjects are verbally instructed about the CS-US relationship;
Mechias et al., 2010).

Several reviews and meta-analyses have summarized the neuro-
circuitry of fear conditioning and extinction (VanElzakker et al., 2014;
Fullana et al., 2015; Liberzon and Abelson, 2016; Hughes and Shin,
2011; Shin and Liberzon, 2010). In brief, this extensive body of research
suggests that fear conditioning and extinction activate a functional
network that includes amygdala, hippocampus, prefrontal cortex,
anterior insula, dorsal striatum and midbrain structures (Fig. 1). During
fear learning and expression, the amygdala is thought to play a crucial
role in detection of salient stimuli and thus also in fear learning and
expression, while the hippocampus is considered important for pro-
cessing of information related to threat cues and contexts. Prefrontal
regions, including dACC, dorsomedial prefrontal cortex (dmPFC), and
vmPFC have been implicated in conscious threat appraisal, and parti-
cularly during anticipatory threat (Fig. 1). The anterior insula is be-
lieved to integrate cognitive, affective, and interoceptive states during
conditioning to create a subjective representation of a fear experience.
Fear expression (i.e., physiological autonomic arousal, defensive re-
sponses, avoidance behavior) is thought to be further modulated by the
dorsal striatum, hypothalamus and the periaqueductal gray matter. In
regard to extinction learning and recall, human neuroimaging studies
have at least partially supported animal work by highlighting the im-
portance of vmPFC-amygdala-hippocampus networks.

2.4. Symptom provocation

Symptom provocation paradigms utilize disorder-related (e.g.,
trauma stimuli for PTSD [Hendler et al., 2003], phobic stimuli for
specific phobia [Schienle et al., 2007], social evaluation for social an-
xiety [Boehme et al., 2014]) reminders such as pictures or script-driven
imagery to uncover neuronal responses. Script-driven imagery proce-
dures typically involve subjects composing several individualized
scripts depicting personally experienced traumatic, neutral, and posi-
tive events, as well as various hypothetical events (Lanius et al., 2001;
Hopper et al., 2007). While symptom provocation paradigms most often
utilize visual stimuli, paradigms can also utilize other stimuli to pro-
voke symptoms (e.g., anticipatory threat of aversive electrical stimu-
lation to provoke anxiety symptoms [Schunck et al., 2008]). Findings
from symptom provocation studies across anxiety- or trauma-related
disorders often implicate common prefrontal-insula-amygdala networks
(Etkin and Wager, 2007). Below, we have summarized neuroimaging
findings relevant to PTSD specifically.

2.5. PTSD findings

The above described cognitive-behavioral paradigms have been
used to assess differences between individuals with PTSD and healthy
controls. A number of reviews and meta-analyses have summarized the
neurocircuitry of PTSD (Fig. 1; Etkin and Wager, 2007; Hughes and
Shin, 2011; Shin and Liberzon, 2010; VanElzakker et al., 2014). Find-
ings reflect relative functional alterations in PTSD patients in a number
of brain regions involved in emotional processing and regulation, in-
cluding the amygdala, hippocampus, insula, dACC, and vmPFC. Inter-
pretations of these data often center on the idea that amygdala and
insula regions are hyperresponsive in PTSD, while portions of the
vmPFC may be hypoactive, failing to inhibit the amygdala. However,
directionality of findings within these regions are often inconsistent,
perhaps due to differences in experimental paradigms utilized or spe-
cific trauma populations included. Nevertheless, these alterations are
thought to contribute to the exaggerated fear responses and persistence
of traumatic memories, as well as deficits in extinction, emotion reg-
ulation, attention, and contextual processing observed in PTSD. Parti-
cularly clinically relevant for our understanding of PTSD are symptom

provocation paradigms. A meta-analysis of 19 such studies showed that
patients with PTSD exhibit significantly greater activation in retro-
splenial cortex, precuneus, rostral ACC, and bilateral amygdala in re-
sponse to trauma-relevant compared to neutral stimuli (Fig. 1; Sartory
et al., 2013). These studies provide evidence for PTSD-related altera-
tions in regions not only involved in salience-detection, but also self-
referential and autobiographical processes.

As the literature delineating neural networks related to emotional
stress in PTSD (and other psychiatric disorders) has been growing, there
has been increasing attention towards how we might use such in-
formation to improve our clinical treatments (Milad et al., 2014;
Paulus, 2015). However, it is crucial to also recognize the methodolo-
gical research that has been conducted on these stress-related fMRI
paradigms, as it has important implications for how neuroimaging as-
sessments may or may not be useful in the clinical realm.

3. Reliability of emotional stress paradigms

To improve the clinical utility of fMRI emotional stress paradigms, it
is necessary to demonstrate their reliability. If the neural activity
measured by an fMRI scan changes significantly based on when or
where a scan is completed, clinicians cannot make meaningful re-
commendations to patients regarding their brain state and its relation to
symptomatology. The primary forms of reliability are test-retest relia-
bility, inter-rater reliability, and internal consistency. In the sections
below, we will discuss each of these forms of reliability in the context of
human neuroimaging and review previous fMRI reliability studies using
emotional stress paradigms.

3.1. Test-retest reliability

Test-retest reliability refers to the stability of an assessment in its
measurements across time. In regard to clinical utility, it is necessary to
demonstrate that the measured brain activity is representative of more
than just a single time point. For example, a patient with PTSD may
show an altered amygdala response during a stress-related paradigm,
but unless this alteration persists over time (at least without interven-
tion or significant change in mental state), any relevant recommenda-
tions would be misguided. Test-retest reliability is also necessary for
making meaningful conclusions in treatment studies. For example, a
study might be examining whether a specific intervention may be useful
for targeting specific patterns of the neurophysiological stress response.
In order for the findings of this study to provide meaningful information
about the impact of the intervention, it would have to first be estab-
lished that a person who completes the same task at two different time
points without any sort of intervention has a similar neurophysiological
response profile. While treatment studies may include a control group
to help account for such repeated measurements, this is not sufficient to
account for potential errors in measurement. Rather, to support optimal
clinical utility, it must be established that the response profile of an
individual person is reliable across time.

To establish test-retest reliability, researchers typically conduct
studies where participants complete the same fMRI protocol on dif-
ferent days and then examine how well neuronal activity correlates
between the different scanning sessions. The intraclass correlation
coefficient (ICC) provides a quantitative value of the consistency of
multiple measurements (Shrout and Fleiss, 1979), and it is a commonly
used statistical method utilized in test-retest reliability studies (Bennett
and Miller, 2010; Weir, 2005; Yen and Lo, 2002) As compared to
Pearson's r correlation coefficients, ICCS are better able to detect sys-
tematic error to determine absolute agreement between multiple mea-
surements (Weir, 2005). There are several different types of ICCs that
can be calculated in test-retest reliability studies, and we will focus on
the absolute ICC [i.e., ICC(2, 1)] and relative ICC [i.e., ICC(3, 1)]. The
absolute ICC looks at the reliability of a measure by comparing exact
agreement of data across subjects and sessions of a variable (Shrout and
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Fleiss, 1979). This means that a high absolute ICC indicates that a
specific individual is likely to have a similar value at test and retest,
regardless of the comparison group. Relative ICC looks at the consistent
reliability using the means of a variable across sessions, meaning that
the calculation of each individual's measurement is relative to the
measurements obtained from others (Shavelson and Webb, 1991;
Shrout and Fleiss, 1979). Relative ICCs tend to have higher values than
absolute ICCs since systematic changes in the mean are statistically
controlled for, and thus, relative ICC is more comparable to Pearson's r
than absolute ICC (Shavelson and Webb, 1991). Each ICC is also cal-
culated using either a “single-measure” or an “average-measure” ap-
proach (Shavelson and Webb, 1991). Most studies utilize either relative
or absolute “single-measure” ICCs, as these are meant to compare the
agreement of independent measurements (Shavelson and Webb, 1991).
Average-measure ICCs, which could also be absolute or relative, con-
sider the consistency across multiple measurements that will eventually
be averaged together (Shavelson and Webb, 1991) (for example, in the
case of internal consistency or some cases of inter-rater reliability).

When reporting findings from previous test-retest studies of emo-
tional faces tasks in fMRI, we indicate the type of ICC calculation that
was used. The interpretation of ICC values typically follows the
guidelines presented in Fleiss (1986), which are that ICCs less than 0.4
are considered poor, ICCs between 0.40 and 0.59 are considered fair,
ICCs between 0.60 and 0.74 are considered good, and ICCs greater than
or equal to 0.75 are considered excellent. Note that there can be cases
where ICCs are negative. ICCs are calculated using ratios of between-
subject and within-subject variance, and negative ICCs occur when the
within-subject variance exceeds the between-subject variance (Lahey
et al., 1983). Negative ICCs should be interpreted as having a reliability
of zero (Bartko, 1976).

An equally important methodological consideration for fMRI test-
retest reliability studies is the process of determining which neuro-
physiological measurements are actually used to calculate ICCs. Most
studies tend to use regions-of-interest (ROIs) that have previously been
shown to be activated during a specific emotional stress paradigm. ROIs
can be defined anatomically by using all of the voxels from within an
entire region derived from a brain atlas, or ROIs can be defined func-
tionally by using only the voxels that are significantly active during task
performance. Once the ROIs are defined, mean contrast values across
all voxels in each ROI from an individual are averaged and then are
used to calculate ICCs. Other approaches use procedures for selecting
individual voxels (i.e., using the peak activation voxel within a region)
to calculate ICCs. The implications of these and other methodological
variations will be discussed in regard to the findings from individual
studies. Below, we review the available studies for each type of stress-
relevant task reviewed in the previous sections, namely cognitive-beha-
vioral (includes emotional faces, emotional images/scenes, and fear
conditioning) and symptom provocation tasks.

3.1.1. Emotional faces
There have been several test-retest reliability studies using facial

stimuli paradigms (Johnstone et al., 2005; Schacher et al., 2006;
Manuck et al., 2007; Plichta et al., 2012, 2014; Sauder et al., 2013; van
den Bulk et al., 2013; Lipp et al., 2014; Nord et al., 2017), the results of
which are summarized in Table 1 (including information about tasks,
test-retest intervals, contrasts, ROIs, and type and value of ICCs). These
studies have primarily focused on the amygdala, though as shown in
Table 1, other regions have also been reported. The ICCs reported have
varied widely, even within the amygdala. This is likely due to different
methods used in regard to the specific contrast or how regions of in-
terest are defined. Specifically, ICCs tended to be greater when con-
trasting face trials (regardless of valence) to either shape trials or
fixation as compared to ICCs when contrasting between specific face
valences (e.g., fearful versus happy; Johnstone et al., 2005; Sauder
et al., 2013; Lipp et al., 2014). In regard to regions of interest, analyses
utilizing functionally-defined ROIs (Johnstone et al., 2005; Schacher

et al., 2006; Manuck et al., 2007; Sauder et al., 2013; van den Bulk
et al., 2013) typically led to higher ICCs than analyses utilizing ana-
tomically-defined ROIs (Johnstone et al., 2005; Sauder et al., 2013; van
den Bulk et al., 2013; Lipp et al., 2014). However, studies using peak
voxels showed similar reliability to anatomically-defined ROIs using the
same data (Plichta et al., 2012; Nord et al., 2017).

Of particular interest, three test-retest studies used the same dataset
but analyzed the data in different ways (Cao et al., 2014; Plichta et al.,
2012, 2014). The 2012 study found poor reliability for mean activation
in the amygdala both when using anatomically-defined ROIs and peak
voxels (all ICCs < 0.18; Table 1). Rather than calculating reliability for
mean activation in the amygdala, the Plichta et al., 2014, study instead
calculated reliability of amygdala habituation during task performance.
The habituation of the amygdala in response to threatening faces has
been noted in the literature for some time (Breiter et al., 1996; Wright
et al., 2001; Fischer et al., 2003), but this was the first paper to directly
examine how this relates to reliability. Amygdala habituation was cal-
culated using two different methods: (1) the amplitude difference be-
tween the first and last of the four presentation blocks and (2) modeling
of habituation using a regression approach that estimated the rate of
habituation (Plichta et al., 2014). They found improved ICCs for both
the left and right amygdala using both habituation calculations (most
ICCs in the 0.40 - 0.50 range; Table 1). The findings from this study
demonstrated that amygdala habituation was more reliable across time
than mean activation amplitude. Cao et al. (2014) also calculated re-
liability using an non-traditional methodology. In this case, they used
principles of graph theory, which consider the way that activity from
multiple regions correlate when simultaneously active (Cao et al.,
2014). Compared to their original study, the ICCs were improved when
using global connectivity (ranging from 0.51 to 0.68). The findings
from these two studies are important in that they demonstrate how
reliability may be improved when using alternative methodologies for
analysis. However, it is also important to consider how the measures
extracted using these methodologies are different from previous studies
comparing healthy and clinical populations. Thus, the clinical relevance
of these methods would also have to be determined (see validity section
below).

3.1.2. Emotional images and scenes
There has only been a single fMRI test-retest reliability study using

an emotional images/scenes task. Stark et al. (2004) conducted a test-
retest reliability study in which twenty-four volunteers viewed emo-
tional scenes in a block design during two sessions, one week apart.
They examined the BOLD response to either fear-inducing or disgust-
inducing IAPS images contrasted against neutral IAPS images. Cohen's
Kappa, which is a reliability metric that is different from the ICC but
similarly ranges from 0 to 1, was used to calculate the reliability of
significant activations across the whole brain. The statistically active
regions included the amygdala, vmPFC, OFC, PCC, and hippocampus.
Cohen's Kappas showed low reliability of the activations between the
two scans with the median value falling below 0.1. While these results
were not encouraging regarding the reliability of activation to emo-
tional images/scenes, it could be useful for future research to examine
whether reliability may be improved by utilizing an ROI-based ap-
proach or other alternative methodologies.

3.1.3. Fear conditioning and extinction
Thus far, there has not been a single fMRI fear conditioning/ex-

tinction study published that focuses on test-retest reliability, though
there have been several behavioral test-retest reliability studies
(Fredrikson et al., 1993; Zeidan et al., 2012; Torrents-Rodas et al.,
2014). All of these studies used skin conductance responses (SCRs) to
quantify the fear response, while Torrents-Rodas et al. (2014) also in-
cluded a measure of startle response. Each study had two testing ses-
sions on different days, utilizing two versions of the task (each with
different stimuli) to avoid habituation between sessions. Findings from
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two of these studies reported SCRs to have fair to good reliability and
that reliability was generally better during the fear conditioning phase
than the fear extinction phase (Fredrikson et al., 1993; Zeidan et al.,
2012). In the third study, both SCRs and the startle response showed
poor reliability, but the reliability findings were also generally better
during the fear conditioning than the fear extinction phase (Torrents-
Rodas et al., 2014). The findings from these studies have provided
valuable information regarding the reliability of the physiological
components of fear conditioning and extinction tasks. However, it is
important for future work to test the reliability of neural activations
during the various phases of fear learning.

3.1.4. Symptom provocation
There has only been a single fMRI test-retest reliability study using a

symptom provocation paradigm. Schunck et al. (2008) conducted a
test-retest reliability study in which fourteen volunteers completed a
paradigm involving anticipation of aversive transcutaneous electric
nerve stimulation during two sessions, 10 days apart. They used fMRI to
examine the neural response to periods of anticipatory threat (cues

associated with 50% likelihood of shock) contrasted against periods of
rest (no likelihood of shock). Absolute ICCs were computed using
functionally-defined ROIs, defined by centering 8-mm spheres on the
local maxima of regions that were significantly active at both time
points. This approach may in theory lead to higher ICCs, as it focuses
analyses to voxels known to be active at both test and retest. However,
whether such an approach is more or less generalizable to other groups
or individuals is unknown. In this study, ICCs showed good reliability in
the left inferior parietal lobe (ICC=0.66), fair reliability in the right
inferior frontal gyrus/anterior insula (ICC= 0.54), and poor reliability
in the left inferior frontal gyrus/anterior insula (ICC=0.33), cingu-
late/medial frontal gyrus (ICC= 0.25), and right inferior parietal lobe
(ICC=−0.06). While these findings were somewhat encouraging,
additional research is needed to determine the most reliable regions of
interest and contrasts to use in analyses with the various symptom
provocation paradigms.

Table 1
Test-retest reliability results from studies using emotional faces tasks.

Author, Year N Test-retest Interval Task Contrast Method ROI ICCs

Johnstone et al., 2005 15 0, 2, 8 weeks Viewing Faces–Fixation Anatomical ROIs L Amygdala .28
(3 scans) (Fearful) R Amygdala .18

Functional ROIs L Amygdala .67
R Amygdala .44

Schacher et al., 2006 12 Range: 1–8 weeks Viewing Faces-Baseline Functional ROIs L Amygdala .83
(Fearful) R Amygdala .69

Manuck et al., 2007 13 Median: 21 months Matching Faces–Shapes Functional ROIs L Amygdala -.08
Range: 13–22 months (Fearful/Angry) R Amygdala .59

Plichta et al., 2012 25 Mean: 14.6 days Matching Faces–Shapes Anatomical ROIs L Amygdala .16
Range: 12–21 days (Fearful/Angry) R Amygdala –.02

Peak Voxels L Amygdala .18
R Amygdala .07

Plichta et al., 2014 25 Mean: 14.6 days Matching FmL: Habituation Anatomical ROIs L Amygdala .41
Range: 12–21 days (Fearful/Angry) R Amygdala .48

Regression: Habituation Anatomical ROIs L Amygdala .25
(Fearful/Angry) R Amygdala .53

Sauder et al., 2013 27 Mean: 88.9 days Matching Faces–Shapes Anatomical ROIs L Amygdala .42
(Fearful) R Amygdala .36

Functional ROIs L Amygdala .32
R Amygdala .40
L FFA .50
R FFA .50

van den Bulk et al., 2013 18 0, 3, 6 months Labeling Faces-Fixation Anatomical ROIs L Amygdala .28*
(3 scans) (Fearful/Happy/ R Amygdala .34*

Neutral) Functional ROIs L Amygdala .10*
R Amygdala .35*

Lipp et al., 2014 15 Mean: 23 days Classifying Faces–Fixation Anatomical ROIs L Amygdala .29*
Range: 15–34 days Gender (Fearful) R Amygdala .19*

L FFA -.24*
R FFA -.10*

Nord et al., 2017 29 Mean: 14.3 days Matching Faces–Shapes Anatomical ROIs L Amygdala .43*
(3 scans) (Fearful/Angry) R Amygdala -.14*

sgACC .33*
Peak Voxels L Amygdala .30*

R Amygdala -.50*
sgACC -.13*
R FFA .83*

Unless otherwise noted, ICCs were absolute. *Indicates relative ICC. ICCs> 0.4 are in bold. Interpretation of ICC values: poor (< 0.40), fair (0.41-0.59), good (0.60-
0.74), excellent (> 0.75). Negative ICCs are interpreted as having zero reliability. Abbreviations: L= left; R= right; FmL= first block minus last block;
ROI= region-of-interest; FFA= fusiform face area; sgACC= subgenual anterior cingulate cortex. Test-retest intervals are reported as they were in their respective
studies. Unless otherwise noted, test-retest involved 2 scans.
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3.2. Inter-rater/multi-site reliability

Inter-rater reliability refers to stability of an assessment in its
measurements across different raters/assessors (Groth-Marnat, 2009).
In the context of fMRI, reliability across different neuroimaging re-
search sites (i.e., multi-site reliability), using different scanners, could
be considered a form of inter-rater reliability. Multi-site reliability is
crucial to supporting the future clinical utility of fMRI. Regardless of
the neuroimaging center or treatment at which a patient is being as-
sessed, the results need to be consistent in order to make meaningful
interpretations and recommendations. There have only been two multi-
site reliability studies using fMRI emotional stress paradigms (Brown
et al., 2011; Gee et al., 2015), but these studies have provided invalu-
able information regarding consistency of findings and provide model
frameworks for future multi-site reliability studies.

In a study conducted by Brown et al. (2011), eighteen participants
completed the same emotional working memory task across four dif-
ferent MRI sites. ICCs were calculated for activation of every voxel of
the brain to emotional versus neutral distractors during visual working
memory maintenance. Generally speaking, the authors reported that a
greater proportion of variance was attributable to the “person” factor
than the “site” factor. They also found that as more data from multiple
runs (i.e., greater than four runs) was averaged together, ICCs across
most regions of the brain fell within the fair to good range (Brown et al.,
2011). The findings support both multi-site and test-retest reliability
and provide evidence that using more data (i.e., more trials in a task)
can improve reliability across place and time. In a study by Gee et al.
(2015), eight participants completed an emotional faces task twice on
successive days at eight different MRI sites (Hariri et al., 2002;
Lieberman et al., 2007). Similar to the Brown et al. (2011) study, they
found that a greater proportion of variance was attributable to the
person variance than site variance (Gee et al., 2015). Instead of ICCs,
they calculated the generalizability coefficient or the ‘G-coefficient’,
which ranges from 0 to 1 and calculates test-retest reliability using the
relative difference in means similar to the relative ICC (Brennan, 2001;
Shavelson and Webb, 1991; Webb and Shavelson, 2005). Of interest to
this review, the authors calculated reliability for both mean activation
and habituation of the amygdala. Similar to the findings mentioned
above (Plichta et al., 2014), G-coefficients were somewhat greater for
amygdala habituation (mean: 0.32; range: 0.00–0.71) than mean acti-
vation (mean: 0.22; range: 0.00–0.44). The G-coefficients reported in
the original publication were relatively high compared to previous
publications. However, as noted in a recently published clarification on
the study, these G-coefficients were somewhat misleading in that they
were a product of all sixteen sessions in aggregate (Cannon et al., 2018).
The ICC values provided in the clarification were mostly in the poor
range. Regardless of test-retest reliability, the findings from these two
studies both showed that more variance was attributable to person than
to site, which is encouraging for multisite-reliability (Brown et al.,
2011; Gee et al., 2015).

3.3. Internal consistency

Internal consistency is the reliability of responses to individual
items throughout an assessment (Groth-Marnat, 2009). For fMRI, it
would be important to demonstrate that the various stimuli used con-
sistently and reliably invoke the expected behavioral response in in-
dividuals (e.g., self-reported ratings of valence and arousal) as well as
the expected neural response. While this is rarely done when devel-
oping fMRI-related tasks, it could maximize the robustness (and even-
tual reliability) of the task as a whole.

There has not been much work assessing the internal consistency of
emotional stress paradigms. However, a recent study used an emotional
faces paradigm and assessed the internal consistency of neural re-
sponses in a large sample (N=139) of adolescents (Infantolino et al.,
2018). The results demonstrated excellent internal consistency for

amygdala activation when looking at face and shape contrasts sepa-
rately, but the internal consistency estimates were poor for faces-shapes
contrasts (Infantolino et al., 2018). The generalizability of these find-
ings outside of an adolescent sample is unclear and thus requires further
study.

3.4. Reliability summary

With the exception of emotional face paradigms, there is a dearth of
research assessing reliability of stress-related neuroimaging paradigms.
Overall, findings from even the emotional face paradigms have been
highly variable, ranging from excellent (Johnstone et al., 2005;
Schacher et al., 2006; Manuck et al., 2007; Sauder et al., 2013; Gee
et al., 2015) to poor test-retest reliability of neural activations (van den
Bulk et al., 2013; Lipp et al., 2014; Nord et al., 2017). This high
variability in fMRI reliability findings is not limited to emotional
paradigms. A review by Bennett and Miller (2010) examined test-retest
reliability findings across a broader range of fMRI paradigms. Across 15
studies, they found that the mean ICC value was 0.50 and that mean
ICCs for each individual study ranged from poor (0.33) to good (0.66).
As made apparent across studies using emotional face paradigms, spe-
cific regions of interest and/or specific contrasts may prove to be more
reliable than others. Future research should continue to assess the re-
liability of existing emotional stress paradigms (and identify the most
reliable variables), make attempts to improve the reliability of these
paradigms, and seek to establish reliability of novel paradigms.

In regard to improving the reliability of existing paradigms, there
are some additional considerations unique to fMRI research regarding
data preprocessing and analysis methods. These considerations would
include decisions about voxel-wise thresholding, cluster correction, and
correction for motion or physiological noise. Establishing consistency in
these methods across studies or demonstrating that findings are robust
to variations in these methods would be beneficial. Other information
that might be beneficial would include the time of recording, current
level of sleepiness, and any other information that could potentially
affect the data. As a standard practice, researchers should provide as
much detail as reasonably possible when describing their analysis
methods. This will not only allow for other researchers to adequately
reproduce their study protocols but can also help to elucidate en-
vironmental variables that could be controlled in order to optimize
reliability.

Finally, it is important to note that producing more reliable fMRI
task paradigms/methods will be beneficial to the field of psychiatric
neuroimaging as a whole. Assessments with higher reliability have in-
creased power to detect true effects and also require lower sample sizes
to do so (Button et al., 2013). There have been important concerns
recently raised about the replicability and robustness of fMRI findings
(Poldrack et al., 2016). In addition to increasing sample size and con-
ducting replication studies, improvement of reliability could be an
important step in addressing these concerns (Thomas et al., 2017;
Button et al., 2013).

4. Validity of stress paradigms

Measuring changes in brain activity during the performance of
mental tasks can offer a fascinating window into the mechanics of the
human mind. However, these measured changes in activity cannot be
considered clinically useful until they are shown to have meaningful
relationships to observable, disorder-relevant behavior and related
theoretical constructs. Demonstrating the validity of an assessment
provides support that an assessment is actually measuring what it is
designed to measure. There are several forms of validity to examine
when developing psychological assessments. We propose that while
neuroimaging research has addressed validity much more consistently
than reliability, the field would still benefit from further efforts aimed
at establishing certain aspects of validity. In the section below, we
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briefly define and summarize different forms of validity, review re-
levant research, and discuss how these different forms of validity can be
established in the context of neuroimaging research.

4.1. Face, content, and construct validity

When developing an emotional stress paradigm, it is important to
first address face, content, and construct validity. Face validity and
content validity are related in that they both look at how well a mea-
sure appears to measure what it is supposed to, but they differ based on
who makes those judgments (Groth-Marnat, 2009). While face validity
focuses on the perspective of the person completing the measure, con-
tent validity is concerned with expert opinions of the measure (Groth-
Marnat, 2009). To a certain extent, face and content validity are both
subjective in nature, but they are still an important starting point for
developing a task. For example, a task purporting to measure emotional
response to images/scenes could use images that are judged at face
value to be emotionally relevant by participants (face validity) and
experts (content validity). Construct validity is a more objective mea-
sure of validity that looks at how well a measure tests the psychological
or theoretical construct it is supposed to measure (Groth-Marnat, 2009).
To test construct validity, researchers can calculate correlations with
measures of the same or similar constructs (e.g., for two different
measures related to stress) or with different levels of responses (e.g.,
self-report to behavioral or physiological responses). For example, an
fMRI paradigm that focuses on eliciting fearful emotions could de-
monstrate that participants report fear while performing the task, that
individuals rating high levels of fear on this task also report high levels
of fear on other behavioral or self-report tasks, and that these ratings
also show a relationship with physiological responsivity (i.e., heart rate,
galvanic skin response). The field has a history of identifying how ac-
tivation relates to self-reported symptoms, and this is particularly true
for fMRI studies of PTSD (Etkin and Wager, 2007; Hughes and Shin,
2011). However, relationships between neural activation and physio-
logical responsivity or behavior outside of the scanner have been less of
a focus. Regardless of whether an emotional stress paradigm falls within
the cognitive-behavioral or symptom provocation domain (Rauch et al.,
2003), it is necessary to demonstrate that these tasks are testing the
psychological constructs that they are attempting to test. Note that such
analyses should be conducted to confirm a priori hypotheses concerning
relationships. While exploratory analyses regarding the relationship
between neural activations and behavioral or clinical constructs can be
useful in generating hypotheses, such relationships should be confirmed
in replications. One last consideration is how factors related to validity
may interact with those related to reliability. For example, using stimuli
of specific relevance to a population (e.g., as in symptom provocation
paradigms) or individual (e.g., personalized trauma scripts) may have a
high level of validity, but may be related to lower test-retest reliability
as compared to more standardized sets of stimuli (e.g., standardized
emotional stimuli).

4.2. Criterion validity

Criterion validity is how well the results from a test relate to ex-
ternal measures or outcomes and includes both concurrent and pre-
dictive validity (Groth-Marnat, 2009). Concurrent validity is the degree
to which a test relates to existing measures or “gold standards”, which
in psychiatry can often be considered diagnoses or clinical symptoms.
Predictive validity is the degree to which a test accurately predicts
outcomes that will take place in the future (Groth-Marnat, 2009).
Predictive validity is particularly relevant to the future clinical utility of
emotional stress paradigms. For example, does activation during a task
predict outcomes, either naturalistically or to treatment? This is very
important for utility as it would shape treatment recommendations
made by a clinician. An additional form of validity related to criterion
validity is incremental validity, which is the ability of a measure to

provide accurate results that are better than existing measures (Groth-
Marnat, 2009). To establish the incremental validity of emotional stress
paradigms, it would require a demonstration that these measures pro-
vide predictive or explanatory value that is better than existing mea-
sures. There have been a few studies investigating predictors of treat-
ment response for PTSD, using emotional faces (Bryant et al., 2008;
Fonzo et al., 2017), anticipation of emotional images (van Rooij et al.,
2015; Aupperle et al., 2013), as well as emotional conflict and reg-
ulation tasks (Fonzo et al., 2017). Across these studies, activation
within areas of the ACC/dmPFC, dorsolateral PFC, and amygdala have
been highlighted as predicting response to cognitive-behavioral treat-
ments for PTSD. However, the specific task utilized was different in all
studies, the directionality of findings was variable, and the sample sizes
and analytic techniques used do not yet allow for using such data to
make individual-level predictions.

To progress towards clinical utility, neuroimaging research can also
be aimed at identifying (a) whether paradigms developed to target a
specific therapy-related process (i.e., cognitive reappraisal, fear ex-
tinction) are sensitive to those treatment effects and (b) identify novel
treatment strategies to most effectively target identified neural dys-
functions. A few studies have used fMRI to investigate changes in neural
response with cognitive-behavioral treatments for PTSD, utilizing
emotional faces (Felmingham et al., 2007), affective Stroop (Roy et al.,
2010; Thomaes et al., 2012), anticipation of emotional images
(Aupperle et al., 2013), and fear conditioning, extinction and recall
(Helpman et al., 2016) tasks. These studies have highlighted decreases
in amygdala or insula activation as well as variable directionality of
changes in rostral or dorsal ACC activation. Changes in subgenual ACC
and parahippocampal gyrus were also implicated in the fear learning
study, with decreased activation in these regions and increased func-
tional coherence between PFC regions (rACC, vmPFC, sgACC) being
reported during extinction recall (Helpman et al., 2016). While these
studies have been conducted with varying tasks and analytic methods,
it is reassuring that there is some consistency in the regions identified.
However, many of these studies were conducted with relatively small
samples or did not include a treatment comparison group to control for
repeat testing. As we have discussed, the reliability of the tasks used is
either unknown or less than sufficient and thus, may limit the gen-
eralizability of these findings. Regardless, these initial studies suggest
that cognitive-behavioral and/or trauma-focused interventions may
target prefrontal-insula-amygdala circuitry, offering a potential frame-
work and hypotheses for future work.

5. Development of normative data

When a self-report or neuropsychological assessment is used clini-
cally, the practitioner usually uses some sort of metric that compares
their patient to a normative population. For example, with PTSD
measures, the practitioner is likely to use normatively defined cutoffs to
establish whether the person screens positive for potential PTSD diag-
nosis or whether they score in the mild, moderate, or severe range
(Weathers et al., 2013). Neuropsychologists often establish a z or t score
to represent how any one patient performed relative to a normative
population (Mitrushina et al., 2005). Such a comparison provides the
clinician and patient with important information on (a) whether deficits
being described are more than expected given this person's demo-
graphic, and (b) the severity of these deficits. Furthermore, neu-
ropsychological assessments often provide individuals with information
on both absolute and relative strengths and weaknesses, as well as what
the performance may mean in terms of daily functioning, diagnosis,
treatment options, and prognosis. Similarly, clinical symptom measures
are often used by clinicians to identify the targets of therapy (e.g., in
identifying whether a patient's symptoms are more associated with
depression versus PTSD and designing treatment accordingly).

If one is to use fMRI stress-related assessments clinically, it is dif-
ficult to imagine this being possible without normative data to which to
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compare individual responses. Issues with reliability or validity, as
discussed in the above sections, can prevent such normative data from
being meaningful. Thus, the establishment of normative data would
have to come after consistent, reliable, and valid methodology has been
identified (e.g., in terms of specific paradigms, contrasts analyzed,
preprocessing methods, regions of interest, etc.). The establishment of
normative data requires researchers to establish the distribution of re-
sponses in the general population, replicate that across samples, as well
as perhaps sub-samples based on gender, age, ethnicity, and other re-
levant factors (e.g., socioeconomic factors; O'Connor, 1990). Such stu-
dies obviously require very large samples. Notably, there are completed
or currently ongoing studies with data-sharing initiatives, which have
resulted in large repositories of fMRI data (e.g., OpenfMRI, Poldrack
et al., 2013, Poldrack and Gorgolewski 2017; international Study to
Predict Optimized Treatment for Depression, iSPOT-D, http://www.
brainresource.com/home.html, Williams et al., 2011; the NIH Adoles-
cent Brain Cognitive Development (ABCD) Study, https://abcdstudy.
org/about.html). Thus, what may have seemed impossible in the past
regarding the collection of large, normative samples is now a practical
reality within fMRI research. Interestingly, we are aware of only one
study that was published with the explicit purpose of providing nor-
mative data in relation to functional MRI (Ball et al., 2017). The authors
provide normative data for default mode network connectivity during
resting state, based on the iSPOT-D study. This study, although not
focused on stress-related tasks, provides a useful framework for how
functional MRI research of stress responses may progress in a way that
lends itself to clinical utility.

6. Roadmap for the optimal development of an fMRI paradigm

From the above review of the literature, it is obvious that there are
several gaps within the field of stress-related human neuroimaging that
limit its clinical utility. However, given the complications of functional
neuroimaging, it can be difficult to imagine how we might fill these
gaps to move forward. Here, we aspire to sketch a basic roadmap for the
optimal development of emotional stress fMRI paradigms, recognizing
primary obstacles for each step (see Fig. 2).

6.1. Face/content validity and internal consistency

We propose that the initial step in the development of stress-related
neuroimaging paradigms is to consider face and content validity. This
would involve obtaining input from experts in the field, as well as po-
pulations of interest (e.g., PTSD patients) during the development
process (Rose et al., 2011). Depending on the purpose of the task, one
would likely incorporate clinical understanding of specific symptoms or
treatment-related constructs (i.e., such as was done with emotional
reappraisal tasks; Buhle et al., 2014). Furthermore, one may also con-
sider translating tasks utilized in human behavioral or animal stress-
related research for use in conjunction with human neuroimaging, as
has been done with fear conditioning/extinction paradigms (Hermans
et al., 2006) and recently developed approach-avoidance conflict
paradigms (Kirlic et al., 2017). Assessment regarding internal

consistency of a task may begin with a focus on behavioral or self-report
aspects of the task, ensuring that the stimuli used consistently and re-
liably invoke the expected response in individuals (e.g., in terms of self-
reported ratings of valence, arousal, etc.). Trials that do not invoke the
expected responses would be replaced or altogether dropped from the
task. This would help to ensure that the individual trials or stimuli used
in the task are consistent and robust prior to initial testing in more
costly neuroimaging studies. Notably, it would then also be optimal
during initial neuroimaging studies to assess for whether individual
trials are consistent in their ability to invoke the expected neural re-
sponse. While this is rarely done when developing fMRI-related tasks
(but has been used to assess event related potentials [Olvet and Hajcak,
2009]), it could maximize the robustness (and eventual reliability) of
the task as a whole. In this vein, item response theory could allow for
estimating neural responses using models that incorporate individual
trial discrimination parameters (Thomas et al., 2013). Inter-“item”
correlations, and random sampling methods (i.e., for assessing Cron-
bach's Alpha) would optimally be utilized to confirm the consistency of
response patterns across trials. This phase of development would be the
optimal time to also develop different versions of the task if applicable,
so that one could assess for consistency across trials and versions. De-
velopment of different versions of the task would lend itself well for
assessment of treatment effects. Note that while the reliabilities of be-
havioral and neural responses are examined separately, the relationship
between these responses can be explored when assessing construct
validity. While one may assume that greater reliability of a behavioral
response will in turn lead to greater reliability in a neural response, this
may not necessarily be the case and should be explored in future stu-
dies.

6.2. Construct validity in healthy controls

As is usually the case in fMRI studies, the initial validation of a task
in conjunction with neuroimaging would likely begin using healthy
control populations. Such studies would not only allow for investigation
of internal consistency as discussed above, but also for initial construct
validation. Depending on the purpose of the task, this would either
include (a) identifying that the task is associated with activation in the
expected brain regions (as established, for example, by other cognitive-
behavioral types of paradigms that aim to probe the similar neural
systems), or (b) that task-related neural activations are associated with
specific behaviors or self-report ratings relevant to the construct of in-
terest. Although healthy control studies usually do not support in-
vestigating relationships with relevant clinical symptoms, construct
validity can be assessed by examining relationships with relevant di-
mensional, potentially transdiagnostic psychological traits, behavioral
or physiological indices collected during the fMRI paradigm, and/or
other related paradigms conducted outside of the scanner. For example,
as evidence of construct validity, one could view reports that vmPFC
activity during fear extinction related to an extinction retention index
based on SCRs (Milad et al., 2007). We propose that it may be optimal
for tasks to have concurrent behavioral or physiological indices, which
would not only be used for validation, but would also continue to be

Fig. 2. Clinical Utility Roadmap for fMRI Emotional Stress Paradigms.
This diagram outlines a “roadmap” for researchers to use as a guide for designing methodologically sound emotional stress paradigms for fMRI studies. Note that
between these steps are bidirectional arrows, recognizing the possibility and likelihood that these steps may not be completed in a linear fashion and that steps may
need to be repeated during the development process.
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used alongside the task during further development. This would in-
crease the likelihood of identifying cheaper analogues to neural acti-
vation patterns, which can subsequently be disseminated more easily
than fMRI to clinical contexts. Furthermore, this information would be
crucial during the construct validation stage to make any necessary task
modifications. Thus, if the task is not serving its initial purpose of
probing specific circuits, or tapping into a specific construct, the task
could be modified to do so more effectively.

6.3. Test-retest reliability

After developing tasks that have face validity, internal consistency,
and initial construct validity in healthy control samples, the next op-
timal step would be to conduct studies to examine the test-retest and
perhaps even multi-site reliability of the task. This step is time and
resource intensive and is therefore often ignored within fMRI research.
However, if a task does not consistently produce similar patterns of
neural activation, clinical interpretations on an individual-level cannot
be made. In addition, reliable tasks are likely to be more robust when
used in the context of prediction or treatment response (Lachin, 2004).
As discussed in this review, there have been several test-retest fMRI
studies (and a few multi-site reliability studies) focused on emotional
face tasks. However, there has been a surprising lack of such studies
with other stress- or emotion-related tasks. Even with emotional faces
tasks, the ICCs reported by test-retest reliability measures were highly
variable (see Table 1). We propose that such reliability studies, rather
than simply aiming to test whether or not the commonly used metrics of
the task are reliable, focus on identifying the specific metrics that do in
fact demonstrate adequate reliability. FMRI response is not a singular
measure, but rather a conglomerate of measures from various groupings
of voxels or regions of interest. Moreover, most tasks examine a range of
potential contrasts of interest. Therefore, it is quite possible to identify
the specific indices that evidence most reliability, as has been done with
functionally-defined amygdala habituation to faces-shapes contrast for
emotional faces tasks by Plichta et al. (2014) and with graph theory by
Cao et al. (2014). The use of factor analytic or other data reduction
techniques (e.g., independent component analysis; Congdon et al.,
2010) could be used to identify latent factors or components re-
presenting brain responses to emotional stress tasks (as has been done
with resting state in conjunction with intervention research; Sripada
et al., 2013). Such factors may be more stable than individual measures,
as a change between testing sessions in a few voxels or even one brain
region is going to have a limited impact on the overall factor. Com-
putational approaches (such as Bayesian approaches) have the potential
for modeling complex behavioral and neural responses in ways that
further elucidates our understanding of psychiatric symptomatology
(Huys et al., 2016), and which may also prove to be more stable over
time than traditional measures.

It would be further optimal to conduct multiple test-retest studies,
with different time frames in between (i.e., a few days, a few weeks, a
few months). However, if the task is going to be used to assess for
treatment effects or to determine whether a treatment targets a specific
neural network, test-retest studies should be designed to match the
typical length of treatment. Another issue with test-retest reliability is
whether there are environmental variables that need to be controlled
for in order to increase reliability. In the cardiovascular field for ex-
ample, it is often specified what environmental variables should be
controlled for (e.g., caffeine/tobacco/food intake, menstrual phase,
room temperature, etc.; Harris et al., 2010). In fMRI research related to
stress, the control of these types of variables, as well as data processing
steps, may help to increase test-retest reliability. However, practical
considerations for implementing environmental control should not be
ignored (ease of scheduling; burden on participants). It is ultimately
important to establish measures that are reliable in the settings in
which they would be administered.

6.4. Normative data

Once a task is developed and specific indices have been identified
that demonstrate evidence of construct validity and adequate test-retest
reliability, the collection of normative data would be an important next
step. As mentioned previously, fMRI researchers have not previously
focused on the publication of normative data. While we suggest this as a
step that would optimally be conducted prior to research with clinical
populations, we recognize this is often not going to be the case.
Normative data requires large samples sizes and researchers likely will
hesitate to invest resources towards this until they have established that
the task indices are clinically meaningful. Regardless of when such
normative data is established, it is a necessary and powerful step to-
wards using the indices to make meaningful interpretations at the in-
dividual level.

6.5. Criterion validity

The last step in development of clinically useful stress-related neu-
roimaging paradigms would be to establish criterion validity in patient
samples. Cross-sectional research has offered insights into potential
neural systems relating to psychiatric symptomatology and are im-
portant steps in establishing concurrent validity of the task indices.
However, it is difficult with cross-sectional research to establish pre-
dictive validity, that is, whether findings represent deficits or com-
pensatory responses that are adaptive for long-term functioning. These
studies also cannot determine whether or not commonly used treatment
modalities already target the identified neural dysfunctions effectively.
Thus, longitudinal research addressing predictive validity is perhaps
one of the most important steps in moving the neuroimaging field to-
ward meaningful clinical utility. As noted above, there have been a few
studies conducted to identify neural predictors and changes related to
cognitive-behavioral therapy for PTSD. However, due to small sample
sizes, limits in statistical approaches, and inconsistencies in findings
across studies, there remains a lack of obvious translation of findings to
individual patients in the clinical realm. In predictive research, the use
of machine learning techniques with separate participant samples for
training and replication of the predictive model will represent sub-
stantial progress in this regard (Ball et al., 2014; Mansson et al., 2015).
Note that while these predictive models are providing evidence of
predictive validity, this replication across samples could also be con-
sidered a form of reliability. However, eventually, prospective research
will likely be needed to examine the effectiveness of such a predictive
test for enhancing outcomes via treatment selection (Mandrekar and
Sargent, 2009). It is also important for researchers to establish the ac-
curacy and specificity for any given predictor and establish that it is
more meaningful than simply measuring symptom severity or diag-
nosis, which would provide evidence of incremental validity. This too,
is a step in which identification of behavioral, physiological, or self-
report variables that can be used to estimate the neural response pro-
files would be beneficial for making such findings practical and able to
be disseminated in the clinical setting.

Given the infinite number of different treatment modalities, the goal
of identifying neural predictors of treatment response or targets of
various treatment strategies can seem overwhelming. However, it is
important to recognize that we are currently in a place where clinicians
have very little information on which to guide their treatment deci-
sions. Thus, identifying a measure that can robustly and reliably predict
how well an individual person would likely respond to even just one
specific intervention (e.g., cognitive restructuring techniques), would in
and of itself be useful. Identifying a brief intervention that is known to
target specific neural dysfunctions when observed in a patient (e.g., to
enhance recruitment of dorsolateral PFC regions during emotion reg-
ulation), would offer a meaningful place for clinicians to start.
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6.6. Roadmap summary

None of the paradigms used in stress-related research have been
developed in such a sequential and thorough way. Emotional faces tasks
have undergone the most scrutiny and are the most widely used in
reliability studies, yet the measures often relied upon in the majority of
studies are not necessarily the measures found to be most reliable (Cao
et al., 2014; Plichta et al., 2012, 2014). Measurements focusing on
habituation or graph theory have been mentioned preciously, but other
potential methods that should be explored as potentially more stable
measurements include multivariate pattern analysis, which examines
how patterns of voxels directly relate to the psychological construct of
interest (e.g., pain intensity; Woo et al., 2017a), or machine-learning
measures including support vector machine (SVM) datasets that can be
transferred across populations (Woo et al., 2017b). However, it is also
important to consider how these alternative methods (e.g., SVM) could
add undue complication that make findings less interpretable for clin-
icians attempting to utilize these measures. An additional consideration
for more traditional methodological approaches relates to the size of an
ROI used in any given study and how that affects reliability. Re-
searchers should consider the size of the functional activation they are
attempting to capture and use appropriate ROIs that will accurately
capture this. There is an obvious need within the field for more effort,
energy, and resources to be spent on establishing reliable measures that
provide clinically meaningful information. Importantly, this does not
necessarily mean that researchers should start from scratch in terms of
paradigm development. On the contrary, researchers can leverage data
already collected as part of large, multi-site trials with data-sharing
initiatives and can conduct rigorous test-retest reliability studies to
identify the most stable measures associated with currently-used para-
digms. The proposed “roadmap” is therefore often likely to be a
winding road in which researchers circle-back to fill in methodological
gaps.

7. Conclusion

Stress-related neuroimaging tasks have perhaps the most potential
for providing information about individual differences in neural pro-
cessing that may be clinically useful for PTSD and other mental health
disorders. However, this potential clinical utility is limited by gaps in
methodological development. This review paper highlights research
that has been conducted with stress-related human neuroimaging
paradigms to establish basic reliability and validity. The emotional
faces paradigm, which involves neural circuits of interest to stress-re-
lated mental health populations (i.e., amgydala), has received the most
attention in this regard. Studies suggest that using specific contrasts and
regions of interest with this task may increase test-retest and multi-site
reliability. Other tasks, such as symptom provocation and fear learning
tasks, have not been well scrutinized in terms of the reliability of neural
response patterns. We outline a roadmap towards optimizing the po-
tential clinical utility of neuroimaging tasks, which involves con-
sideration of face/content and construct validity, test-retest and multi-
site reliability, development of normative datasets, and concurrent and
predictive validity (Fig. 2). By addressing these methodological gaps,
we will likely have a powerful effect on improving the replicability of
findings and optimize our chances for improving real-world clinical
outcomes.
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