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children with severe irritability. The Gee et al. study also found con
nections with the mPFC and directly measured amygdala activation 
occurring at the same instant, whereas the present study focused on the 
lPFC and examined a physiological proxy for amygdala activation with a 
delayed onset of several seconds (Dawson et al., 2017). Most notably, 
the Gee et al. protocol focused on fear processing whereas the present 
study examined frustration, raising the possibility that fear and anger 
regulation may develop differently in early childhood. Indeed, very 
early neural development supports infant reflexes designed to survive 
danger, such as the moro and swimming reflexes (Capute, 1986), that 
children age out of. In contrast, there are no known unique early reflexes 
related to tolerating anger. It is therefore conceivable that there are 
early evolutionary-based reasons why young children would process 
fear differently than other emotions, such as anger, although extensive 
additional research is clearly needed to explore this further. 

Notably, the Gee et al. study also included participants who did not 
meet criteria for a mental disorder, whereas the present study recruited 
a sample enriched for irritability. This difference raises a broader issue 
over the specificity of the present findings to other disorder types. It has 
been proposed that the vast majority of DSM 5 disorders involve some 
disruption of prefrontal-amygdala connectivity (Kovner et al., 2019). 
However, this does not mean weak or absent prefrontal-GSR associa
tions would necessarily be observed for all youth enriched for psycho
pathology, and for all types of emotional challenges. Disorders in which 
irritability and poor frustration tolerance are a core component of the 
diagnostic criteria, such as Oppositional Defiant Disorder (ODD) and 
Disruptive Mood Dysregulation Disorder (DMDD) (Burke et al., 2014; 
Roy et al., 2014), or a common associated feature, such as in Attention 
Deficit Hyperactivity Disorder (ADHD) and Autism Spectrum Disorder 
(ASD) (Karalunas et al., 2019; Lecavalier et al., 2009) could plausibly 
exhibit weak PFC-GSR connections in early childhood. Less clear are 
what PFC-GSR disruptions might look like for young children with 
internalizing or trauma-based disorders. Although irritability is common 
in anxiety and depression, several event-related potential studies have 
shown that internalizing disorders are often characterized by 
hyper-reactive self-regulation neural processes, such as an exaggerated 
error-related negativity component, whereas externalizing disorders are 
linked to blunted, hypo-reactive processes (Meyer and Klein, 2018). 
Moreover, fMRI and animal work suggests that early adverse experi
ences are linked to early abnormal maturation of PFC-limbic connec
tivity marked by an earlier developmental shift to top-down 
PFC-modulation of limbic activation (Tottenham and Gabard-Durnam, 
2017). Certain clinical pediatric populations may therefore show het
erogeneous patterns of abnormality, with some phenotypes potentially 
exhibiting exaggerated PFC modulation of psychophysiology. 

While the magnitude of lPFC activation during frustration predicted 
steeper GSR recovery, lPFC activation was unrelated to GSR reactivity 
across the entire sample or at any level of irritability severity. This was 
contrary to our hypotheses and particularly surprising given that the 
sample showed a clear GSR reactivity response as they moved from rest 
into a frustration block. It is possible that associations between lPFC 
activation and GSR as children move into the onset of a stressor reflects a 
more bottom-up emotion regulation process, whereas associations 
moving off of a stressor reflect more top-down modulation of negative 
emotion (Gross, 2014). Indeed, top-down emotion regulation processes, 
such as reappraisal, are associated with a more robust prefrontal 
response (Ochsner and Gross, 2008), including in early childhood 
samples (Grabell et al., 2019), raising the possibility that lPFC-GSR as
sociations were more easily detectable during the recovery phase. 
However, this possibility is also highly speculative at present as there is 
little to no empirical base on the cognitive processes driving GSR reac
tivity and recovery. fMRI methodology in studies of self-regulation lack 
the temporal sensitivity needed to tease apart distinct phases of limbic 
activation, and, to the best of our knowledge, there are no GSR studies 
exploring cognitive processes underlying emotion-related reactivity and 
recovery phases. Future studies using a simultaneous fNIRS-GSR 

multimodal design may be able to elucidate GSR reactivity and recov
ery phenomena by manipulating the valence, intensity, and context of 
emotional stimuli. 

As previously stated, results were specific to task frustration blocks, 
and activation during reward blocks was unrelated to GSR changes or 
irritability. Although some fMRI studies have found lateral PFC activa
tion during reward processing, many of these studies simulated the 
purchase of high value items (Knutson et al., 2007). Other 
reward-processing studies, particularly studies in youth oversampled for 
psychopathology, have found reward effects in more medial frontal and 
orbitofrontal areas, which are outside the reach of fNIRS light migration 
(Kamkar et al., 2017; Sauder et al., 2016). 

4.1. Strengths, limitations, and future directions 

Strengths of the present study include a large pediatric sample, 
including a significant proportion of severely irritable children, and the 
use of a multi-modal approach that, to our knowledge, was the first to 
examine simultaneous fNIRS and GSR in children this young. The pre
sent study also provides guidance for future research to further examine 
how different components of an integrated prefrontal-physiological 
system interact early in life, and the role this system plays in both 
normative and pathological emotion regulation. Although the premise 
of the study was to better understand early prefrontal-amygdala func
tional connectivity, it is important to note that the amygdala was not 
measured directly, due to the same methodological constraints that 
make fMRI work in young children difficult. Given extensive research 
showing strong amygdala-GSR signal correlations during negative 
emotions (Furmark et al., 1997; Dube et al., 2009), based on detailed 
physiological mapping in animal models (Rosenkilde, 1979), it appears 
unlikely the connection between the amygdala and GSR activity differs 
substantially in early childhood. However, there is a notable paucity of 
studies examining fMRI and GSR during frustration, and in pediatric 
populations. The present findings suggests the feasibility of future lon
gitudinal work in which children are measured with fNIRS and GSR 
when they are young, and fMRI when they are older, to robustly test if 
early fNIRS-GSR connections forecasts later PFC-amygdala functional 
connectivity. In addition, the present study deliberately oversampled 
children with severe irritability given the importance of this trans
diagnostic symptom in early disorders (Avenevoli et al., 2015), yet the 
present findings do not necessarily generalize to other forms of psy
chopathology. That preschool children with severe irritability tolerated 
simultaneous fNIRS and GSR recording is an encouraging sign for future 
studies to examine prefrontal attenuation of physiological arousal in 
other pediatric clinical populations. Moreover, the present findings have 
potential implications for future early intervention work. In older pop
ulations, changes in limbic-prefrontal connectivity reflect 
post-intervention symptom improvement (Santamarina-Perez et al., 
2019; Schmitt et al., 2016), suggesting fNIRS-GSR methodology may 
elucidate intervention effects in early childhood. Finally, while the 
present study focused on the preschool period as a logical extension of 
prior research on functional connectivity (i.e., Gee et al., 2013), there is 
substantial neural and behavioral growth between birth and age 3 years. 
The present findings raise the exciting possibility of examining 
prefrontal-physiological associations at even earlier ages to further 
explore the complex neurobiology of emotion regulation in its most 
nascent stages of development. 
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