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ABSTRACT 

 

Perceiving and responding to the emotions of other individuals is thought to motivate 

adaptive social behaviors and help form strong interpersonal connections. Failure or manipulation 

of the empathic processes that subserve emotion perception and response, according to theory, will 

meaningfully affect an individual’s ability to stay socially connected. The goal of this dissertation 

is to better understand the interplay between empathy, social behavior, and social connectedness 

using two frameworks. The first study investigates acquired empathy deficits following stroke to 

examine their relation to real-world social outcomes. Results link damage to a right-lateralized 

network involved in empathy and emotion recognition to reduced social activity and lower 

perceived social connectedness after stroke. Findings align with prior research exposing empathic 

deficits as a potential consequence of right hemisphere stroke, and extend a gap in knowledge 

related to their real-world significance. The second study approaches empathy and social 

connectedness using a modulatory framework focused on improving function in neurologically 

healthy adults. During COVID-19 social distancing, a period of intense stress and social 

disconnect, we examined whether social behavior or connectedness can be meaningfully enhanced 

by a 4-week social meditation training aimed at increasing empathy and connection. This internet-

based, randomized controlled trial had surprising results that counter past work. Compared to an 

active control, the social meditation training was associated with worse perceived social 
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connectedness and had no effect on real-world social behavior. Implications related to the COVID-

19 pandemic are discussed. Lastly, the trial explored a predicted link between social connectedness 

and acute pain. Findings show that changes to perceived social connectedness after meditation 

were positively associated with changes to acute pain tolerance. Discussion focuses on the 

relevance of social functioning for health and well-being, and new questions are posed. 
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GENERAL INTRODUCTION 

 

“Not only do I see [emotions], but I feel or act them in the mind’s muscles. That is...empathy”  

-E.B. Titchener, 1909 

 

Empathy is the suite of processes that enable detection and understanding of other 

individuals’ internal mental states and emotions (de Waal, 2008). The term empathy derives from 

the German word, Einfühlung, meaning “feeling into” (Titchener, 1909). Nearly a century after its 

coining, neuroscience research captured evidence suggesting that empathy’s neural mechanism 

matches how many people intuit empathy to work. Viewing another individual in pain activates 

neural regions involved in the first-hand experience of pain (Singer et al., 2004). In other words, 

feeling into another persons’ emotions involves simulating their psychological state. Without 

question, empathy has complexities and is composed of multiple subcomponents—e.g., the 

processes involved in perceiving socioemotional cues, integrating sensory information, cognitive 

appraisal, and the capacity to distinguish between one’s own and another person’s emotions. At 

its core, however, empathy leverages two systems—one that detects social and emotional cues 

from sensory input, and one that responds to this information using systems similar to the first-

hand experience of the target emotion.  

In the same way that our own experiences of emotion are important to guide adaptive 

behaviors—a posited purpose of empathy is to guide social behaviors that create and maintain 

strong interpersonal bonds, known broadly as affiliative behavior. As social mammals, 

interpersonal bonds are central to human life and empathy encourages these bonds by engaging 

other-oriented attention and motivating positive responses such as prosocial behavior or physical 
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contact. In the following introductory sections, the links between empathy, affiliative behavior, 

and perceived social connectedness are discussed. The state of research and open questions are 

also addressed. For example, what happens to social behavior when deficits to empathy emerge 

following a stroke brain injury or when interventions aimed at enhancing empathy are applied? 

Furthermore, the clinical relevance of perceived social connectedness is examined with a focus on 

its link to pain.  

 

Empathy, Affiliation and Connectedness 

 

Humans and other social animals use empathy to guide adaptive and affiliative behavior. 

Affiliative behavior is defined as any action that supports or improves social bonds and span the 

gamut from laughing with others, pleasant social touch, spending time with others, to engaging in 

prosocial acts of helping or compassion. For example, empathy enables identification of distress 

cues from dependent offspring, which helps motivate providing care or comfort (de Waal & 

Preston, 2017; Decety et al., 2012). Humans also show empathy for non-kin as it is important to 

form and maintain strong social connections with other members of the community (Carter & 

Keverne, 2009; de Waal, 2008; Seyfarth & Cheney, 2013). Social organisms clearly benefit from 

being social, and empathy is a foundational principle for motivating communication and 

connection. 

Empathy enlists both affective and cognitive components. Affective empathy includes 

motor mimicry and simulating other individuals’ internal mental states. This sharing of emotional 

states and motor representations (e.g., smiling) can occur with or without conscious awareness 
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(Preston & de Waal, 2017) and provides a gateway to emotion perception and transmission 

between individuals (de Waal & Preston, 2017; Marsh, 2018). 

In contrast, cognitive empathy is defined as the capacity to project oneself into the 

perspective of another and encompasses the ability to understand others’ goals and intentions (Frith 

& Frith, 2005; Kanske et al., 2016; Preston & de Waal, 2017; Singer & Klimecki, 2014). 

Developmental deficits in the cognitive and affective components are tied to dissociable clinical 

outcomes. Impaired cognitive empathy from an early age is the hallmark feature of Autism 

Spectrum Disorders while developmentally impaired affective empathy (i.e., callousness) is the 

defining feature of psychopathy and persistent antisocial behavior. Research has strongly 

prioritized examining this dissociation (Decety et al., 2015; Kahn, 2014; Kanske et al., 2015; 

Reniers et al., 2011; Shamay-Tsoory et al., 2009; Winter et al., 2017), though cognitive and 

affective empathy also overlap and interact. For example, if your friend cries next to you on a 

plane, perceiving their sad facial expression and auditory cues of emotion engages brain regions 

involved in emotion perception and affective empathy—but the more cognitive aspects of empathy 

could help you conclude that your friend is watching a movie about a bad divorce that hits close 

to home. Both these affective and cognitive components of empathy are important to guide an 

appropriate response, perhaps consoling your friend or providing a distraction, which may depend 

on how you construe their internal state. Despite marked behavioral differences when affective 

versus cognitive empathy are impaired developmentally, acquired impairments are less well 

understood and both components appear crucial to most real-world social contexts. Therefore, this 

dissertation considers empathy as the multifaceted group of processes that spans perceiving 

emotional cues, recognizing and labeling such cues (through affective simulation and conscious 

identification), and perspective taking.  
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Humans fundamentally need to feel socially connected. Maslow suggested that “love and 

belongingness needs” fall just above physiological and safety needs (Maslow, 1962). The reason 

humans experience pervasive, empathy-guided motivation to interact with others can be readily 

explained by its role in forming and maintaining interpersonal relationships. Baumeister & Leary 

posit that humans must have a minimum quantity of “lasting, positive, and significant interpersonal 

relationships,” and that satisfying this requirement involves: 1) a need for frequent, positive social 

interactions and 2) that interactions should be stable and incorporate affective concern for each 

other’s welfare (Baumeister & Leary, 1995). In other words, feeling socially connected to others 

depends on affiliative behavior and interpersonal concern, both of which are facilitated by 

empathy. 

 

The Brain Bases of Empathy and Affiliation 

 

Empathy and Emotion Perception 

The shared representations theory of empathy states that empathizing involves activation 

of neural processes involved in the first-hand experience of the target emotion (Bernhardt & 

Singer, 2012; Decety & Sommerville, 2003; Marsh, 2018). In line with this prediction, both 

winning money and viewing another person win money is associated with neural responses in 

ventral striatum (Burke et al., 2010; Fareri et al., 2012; Mobbs et al., 2009) and overlapping 

amygdala activation is observed during both experienced and empathic fear of shock (Lindström 

et al., 2018), suggesting similar neural processes. Brain areas implicated in the affective experience 

of first-hand pain such as anterior insula (AI) are also recruited while observing another individual 

in pain (Corradi-Dell’Acqua et al., 2011, 2016; Fan et al., 2011; Jackson et al., 2006; Lamm et al., 
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2007, 2011; O’Connell et al., 2019; Ochsner et al., 2008; Singer et al., 2004; Timmers et al., 2018). 

Moreover, analgesic manipulations reduce both experienced and empathic pain responses 

(Mischkowski et al., 2016; Rütgen et al., 2015), suggesting that empathy directly involves 

simulation of experienced sensations.  

While studies of empathy often involve viewing another individual undergo fear 

conditioning or pain stimulation—neural responses to emotional facial expressions has also been 

used as a proxy for empathic responses (Marsh, 2016). Perception of facial expressions across 

emotional classes is associated with activation in visual and frontotemporal areas, while the 

processing of individual emotional expressions (e.g., fearful faces) can recruit areas uniquely 

associated with that target emotion (Dawel et al., 2012; Fusar-Poli et al., 2009; Marsh, 2016). 

Motor mimicry and simulation also play a role in responding to facial affect by recapitulating 

physical movements (de Waal & Ferrari, 2010). Motor areas and right IFG (involved in emotional 

expression) are activated when watching another person smile or frown, and this activation 

correlates with the observer’s own facial muscle movements as measured by electromyography 

(Enticott et al., 2012; Rymarczyk et al., 2018; Sato et al., 2008).  

The right hemisphere appears to have a special role in decoding emotion from facial 

expressions and other sensory cues. This is well evidenced by lesion studies showing more 

impaired emotion perception after right relative to left hemisphere damage (see “Evidence from 

Lesion Studies”; Adolphs et al., 1996; Blonder et al., 1991; Borod et al., 1998; Charbonneau et al., 

2003; Kucharska-Pietura et al., 2003; Urrutia et al., 2014; van den Berg et al., 2021; Witteman et 

al., 2011; Yuvaraj et al., 2013). Work in neurologically healthy adults indicates the right 

hemisphere receives facial expression information earlier (Streit et al., 1999) and shows larger, 

more reliable responses to emotional faces than left hemisphere (Adolphs et al., 1996; De Winter 
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et al., 2015; Dzhelyova et al., 2017; Kesler-West et al., 2001; Leleu et al., 2019; Sliwinska & 

Pitcher, 2018). Transcranial stimulation disrupting right frontotemporal areas acutely impairs 

facial emotion processing in healthy adults (Chick et al., 2020; Pitcher, 2014), and one study 

showed significantly greater disruption for stimulation applied to right relative to left temporal 

cortex (Sliwinska & Pitcher, 2018). In patients with intracranial implanted electrodes, only 

electrical stimulation to right hemisphere face-selective areas alters conscious perception of faces 

(Rangarajan et al., 2014).  

Pitcher & Ungerleider propose that the posterior superior temporal sulcus (pSTS) receives 

information about visual social cues (from visual cortex and areas sensitive to face detection) and 

specializes in processing complex movements that have social meaning, such as emotional facial 

expressions (Pitcher & Ungerleider, 2021). Other models of emotion perception and recognition 

suggest pSTS (or nearby posterior superior temporal gyrus pSTG) engages a right-lateralized 

network of areas including inferior frontal gyrus (IFG) and anterior insula (AI), which work 

together to parse emotional meaning from facial movements (Adolphs, 2002; Ishai et al., 2005). 

Specifically, IFG is proposed to be involved in engaging motor simulation processes to help with 

emotion identification (van der Gaag et al., 2007), while AI is proposed to modulate conscious 

emotional awareness, integrate multisensory information, and coordinate emotion-specific 

empathic responses (Craig, 2009, 2011; Gu et al., 2013). While this account (Figure I.1) is 

simplified, it provides a useful framework to help interpret relevant research.  

Transcranial inhibitory stimulation to right pSTG/STS reduces activation of facial emotion 

processing areas, but does not affect the activity of earlier visual areas (Pitcher et al., 2017). In line 

with our model, this suggests right pSTG/STS is an important input node for the emotional facial 

expression processing network. Pitcher & Ungerleider moreover suggest that visual social 
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perception should be classified as an entirely unique (third) visual stream that hinges on activity 

of pSTG/STS (Pitcher & Ungerleider, 2021). 

The processing of emotional prosody (i.e., the coloring of speech with variations in pitch, 

timbre, rhythm and volume; Monrad-Krohn, 1947) involves regions surprisingly proximal to those 

involved in perceiving emotional faces and similarly appears right-dominant (Belyk & Brown, 

2013; Ross & Mesulam, 1979; Sammler et al., 2015; Schmitt et al., 1997; Seydell-Greenwald et 

al., 2020; Witteman et al., 2011). A meta-analysis of 27 studies found prosody-related activation 

across right and left frontotemporal areas, but a formal lateralization analysis suggested right-

dominant specialization for emotional prosody in right pSTG/STS (Witteman et al., 2012). 

Prosody processing involves multiple steps beginning with initial extraction of prosodic 

information in right pSTG/STS (Jamison et al., 2006; Sammler et al., 2015; Witteman et al., 2012). 

Anatomical connections then are proposed to transmit information to right IFG and motor areas—

which similar to facial emotion processing, are thought to help recapitulate and explicitly identify 

the emotional information (Sammler et al., 2015). Inhibiting activity of right premotor cortex 

decreases performance on prosody tasks (Banissy et al., 2010; Sammler et al., 2015), suggesting 

that like other forms of emotion perception, prosody engages motor simulation processes. Some 

reports suggest that information from pSTG/STS additionally travels to anterior temporal cortex 

(Kotz & Paulmann, 2011; Pitcher & Ungerleider, 2021; Sammler et al., 2015), which may be 

involved in emotional category recognition, though evidence is inconsistent and not supported by 

meta-analysis (Witteman et al., 2012).  

One hypothesis explaining the predominant right lateralization of emotion processing 

suggests that the right hemisphere specializes in analyzing complex fluctuations in stimuli that 

unfold over time (Blonder et al., 1991). Such fluctuations are primary elements of dynamic facial 
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movements and vocal prosody. In the case of prosody, the right hemisphere appears to have an 

advantage for processing spectral information that integrates information across longer timescales 

than left hemisphere (Boemio et al., 2005; Poeppel, 2003) and thus may be better suited for 

identifying time-varying features such as intonation or rhythm. In the case of dynamic emotional 

facial expressions, early visual areas in right hemisphere also indicate superiority for holistic and 

“deep” feature processing, which allow for the perception of combinations of movements from 

multiple regions of the face (Meng et al., 2012; Rossion et al., 2000).  

In sum, core aspects of emotion processing are right-lateralized and involve pSTG/STS, 

IFG and AI. A putative model encompassing both results from prosody and facial expression 

research is that initial activation of right pSTG/STS by social sensory input engages a network 

depending on right IFG to simulate motor involvement, which helps with emotion identification, 

and right AI to integrate stimulus-driven information with emotional awareness and coordinate 

emotion-specific empathic responses. 

 

 

Figure I.1. Model of emotion perception. pSTG/STS receives input pertaining to facial 

expressions (from visual and face-sensitive areas) and vocal prosody (from auditory cortex) and 

drives a network-based response that enables emotion perception and recognition. Other core 
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regions of this network include IFG, which can initiate motor simulation processes to help with 

emotion identification, and AI, which can integrate multisensory information and is associated 

with emotional awareness and coordinating empathic simulation of the target emotion. Evidence 

suggests this network is predominantly right-lateralized. pSTG/STS = posterior superior temporal 

gyrus/sulcus, IFG = inferior frontal gyrus, AI = anterior insula. 

 

Affiliation 

Transmission of emotional states and sensations between individuals is important to 

motivate a change in behavior, such as by encouraging affiliative interactions. Brain responses to 

affiliative interactions have been studied across levels and across species. Neural systems that 

motivate social affiliative behavior necessarily emerge early in life and play a role throughout the 

lifespan by binding attachments to caregivers, kin, sexual partners, offspring, and groups (Carter 

& Keverne, 2009; Nelson & Panksepp, 1998; Reite & Field, 1985). A major topic of investigation 

across species notes neuropeptide involvement in affiliative behavior, indicating that oxytocin and 

opioids play central a role in coordinating social behavior and associated positive affective 

responses (Carter & Keverne, 2009; Decety & Svetlova, 2012; Panksepp et al., 1980). Affiliative 

behavior in non-human mammals has been studied extensively using pair bonding, reproductive 

behavior, and maternal care—all of which appear to converge on shared neurobiology.  

Oxytocin is released from the hypothalamus to modulate functioning of disparate brain 

regions (e.g., heighten sensitivity to cues of emotion) and travels via the posterior pituitary into 

the peripheral blood stream to affect body responses such as lactation (Carter & Keverne, 2009; J. 

A. Russell & Leng, 1998). Injection of oxytocin receptor antagonists halts affiliative behavior in 

prairie voles (Burkett et al., 2016) and restricts maternal behavior in rats (Fahrbach et al., 1985), 
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suggesting that oxytocin is involved in the transition between perception of social cues and 

initiation of affiliative behavior. While some researchers hypothesize that oxytocin signaling can 

positively reinforce affiliative behavior (Dölen et al., 2013), the rewarding features of affiliative 

behavior are most often attributed to endogenous opioids (Keverne et al., 1989; Machin & Dunbar, 

2011; Manninen et al., 2017; Nummenmaa et al., 2016; Panksepp et al., 1980). Increases in 

opioidergic activity tend to enhance social activity while decreases suppress such behavior (Guard 

et al., 2002; Normansell & Panksepp, 1990; Trezza et al., 2011). Blocking opioidergic activity in 

humans is associated with reduced feelings of social connection (Inagaki et al., 2016) whereas its 

stimulation (by morphine) is associated with modulating social perceptions and enhancing 

response to social reward (Chelnokova et al., 2014; Massaccesi et al., 2021). Complicating these 

results—oxytocin and endogenous opioids show complex interactions with each other and their 

behavioral effects can be species-specific and sexually-dimorphic. Despite open questions on 

precise mechanisms, a few consistent observations are apparent.  

First, social mammals have a feed forward system of affiliative behavior and positive social 

motivation that involves both oxytocin and endogenous opioids. Oxytocin administration quickly 

acts to motivate affiliative behavior (Fahrbach et al., 1984, 1985; Kendrick, 2013; Pedersen et al., 

1982) and its signaling especially in insula is important for multisensory integration of social cues 

(Rogers-Carter & Christianson, 2019; Wigton et al., 2015) and initiation of social approach 

(Rogers-Carter et al., 2018). Thus, one basic function of oxytocin is to heighten attention to social 

sensory cues, which in some contexts (e.g., low fear) can promote initiation of affiliative behavior. 

On the other hand, endogenous opioids such as β endorphin show widespread release throughout 

the brain following affiliative behavior. This is observed for social laughter or pleasant touch from 

a partner in humans (Manninen et al., 2017; Nummenmaa et al., 2016), allogrooming in non-
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human primates (Keverne et al., 1989; Martel et al., 1995), and social play in rats (Trezza et al., 

2011). Oxytocinergic and opioidergic signaling also interact in regions such as the ventral striatum 

to facilitate social memory formation and social motivation (Depue & Morrone-Strupinsky, 2005). 

In sum, a model for the neurobiology of affiliative behavior (Figure I.2) can be described by a feed 

forward system that involves social motivational states (facilitated by oxytocin) that drive 

engagement in affiliative behavior, and consumption of reward following affiliative interactions 

(driven by opioids). Positive reinforcement of affiliative behaviors is expected to increase future 

social motivation, which can also be prompted by detection of social cues and contexts (e.g., a 

friend exhibiting distress). 

Second, activation of this social affiliative brain system is linked to reduced pain 

experience across species.  β endorphins are associated with analgesia (and other calming effects; 

Colasanti et al., 2011; Keverne et al., 1989). Increased pain tolerance in humans is observed after 

social laughter (Dunbar et al., 2012), which positron emission tomography links to endogenous 

opioid release in regions of nociceptive processing (Manninen et al., 2017). A recently discovered 

cluster of oxytocin expressing neurons—which are responsive to positive social interaction (Tang 

et al., 2020)—was found to project from hypothalamus directly to spinal cord to moderate pain 

input in rats (Eliava et al., 2016). At the other end of the spectrum, acute social isolation, social 

exclusion, and partner death can increase pain sensitivity in rodents (Osako et al., 2018; Panksepp 

et al., 1980) and show similar effects in humans (Bernstein & Claypool, 2012; Bungert et al., 

2015). One notable exception to the relationship between affiliative behavior and reduced pain is 

important to note. When affiliative behaviors are specifically in response to another individual’s 

pain (i.e., there is active empathizing for pain), nociception and pain sensitivity will typically be 

increased rather than decreased (Langford et al., 2006; Loggia et al., 2008). 
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In humans, neural empathic responses to other individuals’ pain and distress are associated 

with increased engagement in real-world affiliative behavior such as prosociality. In particular, 

increased empathic responses in brain areas associated with oxytocinergic and opioidergic function 

such as AI (Brethel-Haurwitz et al., 2018; O’Connell et al., 2019), amygdala (Brethel-Haurwitz et 

al., 2017; Marsh et al., 2014), bed nucleus of the stria terminalis (Morelli et al., 2014; Vekaria et 

al., 2020) and midbrain periaqueductal gray (Brethel-Haurwitz et al., 2017) are associated with 

increased prosocial affiliative behavior. This demonstrates a link between empathic processes and 

affiliative behavior in humans and helps suggest involvement of the same affiliative neuropeptide 

systems identified from animal models. 

Overall, affiliative behaviors span a large repertoire ranging from physical contact and 

smiling to displays of compassion and prosociality. Despite spanning such a large range, typical 

affiliative behaviors: 1) are often initiated in response to sensory cues of others’ emotions, for 

which oxytocinergic signaling plays a role in heightening sensitivity and motivating behavioral 

approach, 2) result in widespread release of endogenous opioids that positively reinforce affiliative 

behavior and 3) are associated with reduced pain response. 
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Figure I.2. Model of affiliative behavior. Widespread oxytocin release from hypothalamus can 

heighten responsiveness to emotional cues and social contexts that help motivate affiliative 

behavior. Successful engagement in affiliative behavior is associated with widespread release of 

endogenous opioids that positively reinforce affiliation, resulting in a feed forward cycle, and 

which are also associated with decreased pain. A transition zone involving interactions between 

oxytocin and opioids is indicated by the hashed area. 

 

Evidence from Lesion Studies 

 

 Lesion studies implicate a number of brain regions’ involvement in empathy, particularly 

in the context of emotion perception and recognition. In line with functional neuroimaging of 

healthy adults (Vuilleumier & Pourtois, 2007), lesion studies indicate that damage to right 

frontotemporal areas (Adolphs et al., 2002; Breitenstein et al., 1998; Durfee et al., 2021a; Hillis, 

2014; Hornak et al., 1996; Patel et al., 2018; van den Berg et al., 2021), and the white matter tracts 

connecting them (Patel et al., 2018; Philippi et al., 2009), emerge as being most consistently 

associated with decline in emotion recognition capacities. Lesions affecting other regions such as 

cerebellum (Adamaszek et al., 2014), striatum (Cancelliere & Kertesz, 1990), and amygdala 
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(Adolphs et al., 1994; Anderson & Phelps, 2000; Cardinale et al., 2021; Gosselin et al., 2007; 

Pishnamazi et al., 2016; Scott et al., 1997; Tippett et al., 2018) are also tied with empathy deficits, 

but are typically more circumscribed in their effects, for example, impairing recognition of a 

particular emotion.  

Voxel-based lesion-symptom mapping is a technique that analyzes correspondence 

between damage to particular brain areas and impairments following stroke.  In a sample of 110 

right and left hemisphere stroke patients, lesion-symptom mapping found that damage to right 

pSTG/STS, right IFG, and right AI, but no left hemisphere areas, were associated with impaired 

facial emotion recognition (van den Berg et al., 2021). Damage to right pSTG/STS also predicts 

long-term deficits in emotion identification from speech (Sheppard et al., 2020), while damage to 

IFG impairs emotion recognition especially on difficult tasks, for example that only present images 

of the eyes (Shamay-Tsoory et al., 2009). Strokes affecting right AI are associated with difficulty 

making inferences about others’ emotional states (Leigh et al., 2013) and surgical resection of 

insula impairs emotion recognition accuracy (Boucher et al., 2015), reduces self-reported empathy 

(Boucher et al., 2015), and diminishes responsiveness to others’ pain (Gu et al., 2012). Strokes 

affecting right IFG and AI are also linked to impaired emotional expression (Durfee et al., 2021a; 

Patel et al., 2018), which indicates these regions’ involvement in emotional motor output (i.e., 

smiling or using vocal prosody to convey emotion) and/or the internal experience of emotion. 

Strokes affecting the right hemisphere are most frequently associated with emotion 

perception deficits (Adolphs et al., 1996; Blonder et al., 1991; Borod et al., 1998; Charbonneau et 

al., 2003; Durfee et al., 2021a; Hillis, 2014; Kucharska-Pietura et al., 2003; Ross & Mesulam, 

1979; Sheppard et al., 2020; Urrutia et al., 2014; van den Berg et al., 2021; Witteman et al., 2011; 

Yeh & Tsai, 2014; Yuvaraj et al., 2013), but note that some studies find no significant difference 
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in recognition performance between right and left hemisphere patients (Braun et al., 2005; Cooper 

et al., 2014; Nijsse et al., 2019). A 2013 meta-analysis reported that of 35 published papers 

investigating facial emotion recognition after stroke, 32 (91%) found impaired recognition 

accuracy in patients with right hemisphere stroke compared to only 1 (3%) paper that found 

impairment after left hemisphere stroke (Yuvaraj et al., 2013). Fifty percent of right hemisphere 

stroke caregivers report that “difficulty in understanding the feelings of other people” is in the top 

five most important consequences of a right hemisphere stroke (Hillis & Tippett, 2014). This 

deficit was the most frequently reported problem by right hemisphere stroke caregivers (above 

“difficulty in walking”), but was not endorsed by any left hemisphere stroke caregivers or patients. 

While right pSTG/STS, IFG and AI process cues of emotion across categories, the 

recognition of specific emotions draws on discrete systems that vary by emotion. Lesions to 

bilateral amygdala impair recognition of fear across stimulus modalities (Adolphs et al., 1994; 

Anderson & Phelps, 2000; Cardinale et al., 2021; Gosselin et al., 2007; Pishnamazi et al., 2016; 

Scott et al., 1997), while lesions to brain areas involved in processing disgust impair recognition 

of disgust (Calder et al., 2000). One exception to this may be recognition of happy expressions. 

Identifying happy facial expressions is often unimpaired in stroke patients, even for those with 

large right frontotemporal lesions (Adolphs et al., 1996; van den Berg et al., 2021). However, 

happiness is typically the only positive emotion included on emotion recognition tests and 

therefore may be more easily classified. Thus, additional work is needed to understand perception 

of positive emotions following stroke. 

Deficits in emotion perception and empathy may have important, real-world implications 

for people living with a stroke brain lesion, for example, reducing affiliative behavior or social 

connectedness. Only two prior studies explicitly test this. Results show that emotion recognition 
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deficits after stroke are associated with reduced social activity participation (Cooper et al., 2014) 

and lower marital satisfaction (Blonder et al., 2012). Possible explanations for these findings are 

that empathy deficits impair emotional connection with others and/or reduce motivation to seek 

out social contact. However, direct evidence for this has not been shown. While empathy and 

emotional communication are considered motivators of affiliative behavior in neurologically 

healthy individuals, little is known about the role of stroke lesions in affiliation. 

The majority of understanding about the neurobiology of affiliation comes from research 

on oxytocin and endogenous opioids (Carter & Keverne, 2009; Decety & Svetlova, 2012; 

Panksepp et al., 1980). Since these peptides have distributed and widespread actions throughout 

the brain, and stroke injuries seldom involve the hypothalamic regions associated with oxytocin 

production, the role of focal lesions in alterations of affiliative brain systems is unclear. Some work 

in non-human primates indicates that ablation of amygdala and nearby areas can result in reduced 

social affiliative behaviors and increased isolation (Kling & Steklis, 1976; Rosvold et al., 1954), 

but contradictory effects have been reported (Emery et al., 2001; Wellman et al., 2016), and the 

effect may be mostly attributable to altered threat perception. 

 While much work from lesion studies describes impairment to emotion perception and 

empathic experience after damage to right pSTG/STS, IFG and AI, a better understanding of how 

lesions affect social behavior and connectedness is important. One major goal of this dissertation 

is to address this gap in knowledge. Do strokes that affect empathic processes (measured 

behaviorally or by lesion location) result in decreased real-world social behavior or altered 

satisfaction with relationships?  
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Measuring Social Behavior and Connectedness 

 

A major barrier to understanding individual differences in social behavior and 

connectedness (e.g., following a stroke) is that its measurement is complicated. Measuring 

affiliative behavior in animal models typically involves capturing highly-specific actions (e.g., 

partner grooming), whereas measuring real-world affiliative behavior in humans is challenging 

and assessments of overall total social activity are more common. No universal assessment, 

however, can fully capture a comprehensive picture of an individual’s day-to-day social life. 

Moreover, individuals’ desired frequency for social contact can vary widely. One major theme 

across the literature is a focus on differentiating between an individual’s objective amount of social 

activity and subjective perceptions of social connectedness.  

Social activity can be measured by the frequency of family/friend visits (Fillenbaum, 2013; 

Hodge et al., 2013; O’Connor, 1995), counting the total number of social activities regularly 

engaged in (e.g., entertaining others, talking on the phone, attending family parties; Baum & 

Edwards, 2001), using smartphone-based self-reported social behavior (daSilva et al., 2021; 

Matthews et al., 2016), or measuring weekly hours of social engagement (Best & Krueger, 2006; 

Hodge et al., 2013; Omoto & Packard, 2016; Thoits & Hewitt, 2001). Quantifying interpersonal 

connections can also be used to proxy social activity. Simple measures include marital status 

(Dupre & Lopes, 2016; Hodge et al., 2013; Ross, 1995), the number of individuals in the household 

(Dean et al., 1992; Waite & Hugfies, 1999), or religious group membership (Berkman & Syme, 

1979). More complex assessments can involve asking participants to report all of their social 

connections (Cohen et al., 1997; Platt et al., 2014), incorporating data from social media accounts 

(Grieve et al., 2013), inquiring about the diversity of social relationship types (Barefoot et al., 
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2005), or can recruit multiple people from a real-world social group (e.g., a business school) to 

capture comprehensive social network information (Parkinson et al., 2017). Most of these more 

advanced assessments, however, have only been examined in young adults. 

Yu and colleagues found that a measure encompassing marital status, number of 

individuals in the household, and frequency of contact with family was associated with decreased 

all-cause mortality in a large cohort study (Yu et al., 2020). Similarly, having more social roles 

(e.g., being a parent, spouse, friend; Barefoot et al., 2005) and more contact with friends 

(O’Connor, 1995) is associated with better quality of life across the lifespan.  

Across investigations, objective measures of social activity vary so profoundly that it is 

difficult to compare or determine ideal measures. However, results point to two primary factors: 

participation in social activities, and the number of connections with reliable contact (Cornwell & 

Waite, 2009; Douglas et al., 2017). Measurement should be age-appropriate (Everard et al., 2000; 

Fillenbaum, 2013), and adjustment or comparison with overall physical activity may be relevant 

with the understanding that more socially active individuals are often observed to be more 

physically active across the lifespan (Berkman et al., 2000; McNeill et al., 2006; Thraen-Borowski 

et al., 2013). 

Perceived social connectedness—i.e., whether an individual is satisfied with their social 

relationships and feels supported by others—is similarly important to measure. Some researchers 

suggest that perceived connectedness is even more relevant to health outcomes than social activity 

(Berkman, 1995; Douglas et al., 2017). Measures of perceived connectedness are based on a strong 

conceptual understanding of the topic, and have become relatively standardized across studies. 

Primary measures assess perceptions of social support or feelings of loneliness (Sarason & 

Sarason, 2009).  
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Social support is defined as, “the existence or availability of people on whom we can rely, 

people who let us know that they care about, value, and love us” (Sarason et al., 1983). Social 

support measures usually encompass three features: emotional support (e.g., I have someone to 

confide in), practical support (e.g., I have someone who would help me if needed), and belonging 

(e.g., I feel like I fit in). At the other end of the spectrum, loneliness is defined as perceived social 

isolation (Hawkley & Cacioppo, 2002) or a discrepancy between actual and desired social contact 

(Peplau & Perlman, 1982). Standard scales measure loneliness as a unitary construct and typically 

include positively (e.g., I feel there are people I can turn to) and negatively (e.g., I feel alone) 

worded items (Russell, 1996). As expected, social support and loneliness are strongly negatively 

correlated, but are considered useful when studied in combination (Newcomb & Bentler, 1986). 

In sum, assessing social activity objectively has proven more difficult than measuring 

perceived social connectedness. Despite some inconsistencies, objective measures of social 

activity often include weekly amount of social activity or number of interpersonal connections 

whereas perceived social connectedness assesses social support and/or a lack of loneliness.  

 

Modulating Social Behavior and Connectedness through Intervention 

 

 Work that seeks to modulate social behavior and connectedness through intervention can 

provide useful insight. Strategies for reducing loneliness through intervention attempt to increase 

social access, train social skills, or form social support groups (Cacioppo et al., 2015; Masi et al., 

2011). Meta-analyses point to social skills training (e.g., practicing conversation skills; Jones et 

al., 1982) as the most effective strategy, however, effect sizes are small (Cohen’s d=0.20, p<.05; 



 20 

Masi et al., 2011) and these interventions have largely been deemed too inefficacious for practical 

use. 

 Interventions aimed at increasing empathy have also been investigated. Some forms of 

empathy can be fostered by explicit prompting. For example, interventions that involve imagining 

social scenarios to practice perspective taking (Turner et al., 2007) or explicitly prompt empathic 

feelings while observing others’ in pain or distress, increase neural empathic responses in areas 

such as right AI (Batson et al., 1997; Meffert et al., 2013; O’Connell et al., 2019). Zaki proposes 

that empathic responses, while typically initiated automatically, are also under control of the 

observer’s intent (Zaki, 2014). This helps explain why some people respond to empathic scenarios 

with compassion while others might consciously try to avoid feeling an emotional empathic 

response. Importantly, it also suggests that empathy and related behavioral responses can be 

modulated by effortful strategies. Indeed, interventions aimed at fostering empathic concern and 

perspective taking can effectively alter neural (Ashar et al., 2021a; Favre et al., 2021; Klimecki et 

al., 2013a; Weng et al., 2013), behavioral (Condon et al., 2013; Klimeck et al., 2013b), and 

physiological (Pace et al., 2009) responses to empathic stimuli. Across these studies, the primary 

technique used to explicitly foster empathy is a social meditation training known as Loving-

Kindness Meditation (LKM). 

The explicit goal of LKM is to generate feelings of empathy, compassion, and social 

connectedness for self and others (Salzberg, 1995). Initial sessions ask listeners to focus on 

extending thoughts of compassion and unconditional love to oneself, and progressively extend 

these feelings to loved ones, friends, benefactors, to people who are difficult to feel compassionate 

for, and strangers.  
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Past work points to positive effects of LKM on empathy and perceived social 

connectedness. An intensive 3-month LKM intervention was observed to increase perceived social 

connectedness (Kok & Singer, 2017a) and modulate empathic brain responses to images of human 

suffering, which was not observed after two other types of meditation (Favre et al., 2021; Valk et 

al., 2017). A brief 7-minute LKM session was observed to increase positive perceptions of 

strangers and ratings of connectedness (Hutcherson et al., 2008). LKM may also increase 

engagement in prosocial behavior. An 8-week training increased the likelihood of an individual 

asking if an injured person (who was actually a researcher) needed help (Condon et al., 2013) and 

a 4-week online training was associated with increasing charitable donations (Galante et al., 2016). 

Lastly, recent work provides preliminary support that LKM can reduce feelings of loneliness 

(Mascaro et al., 2018). Despite these seemingly clear benefits of LKM, caution should be applied 

in interpreting its effectiveness. Meta-analyses report that the effects of meditation on social 

connectedness and compassion may be overstated (Kreplin et al., 2018) and often do not hold up 

when compared with an active control (Galante et al., 2014; Kreplin et al., 2018). 

In sum, interventions aimed directly at increasing social contact or social access (e.g., 

creating in-person activities or groups) have appeared relatively ineffective for modulating 

perceived social connectedness. However, targeting empathy through training may be more 

successful and can additionally increase engagement in prosocial behavior. Explicit empathy 

prompts in the short-term or LKM practice over the period of a few weeks both modulate empathic 

brain responses. Some evidence links LKM to increased perceived social connectedness and 

prosociality. While more work is needed, a potential mechanism of action for LKM could be that 

it initiates the feed forward systems of social affiliation. Such activation would be expected to 

translate to increased motivation to engage in social activity and increased positive reinforcement 
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of affiliative social behaviors. These changes would be expected to result in an overall 

phenomenon of improved perceived social connectedness.  

 

The Clinical Relevance of Social Behavior and Connectedness: A Spotlight on Pain 

 

 Low perceived social connectedness is a well-known risk factor for myriad health 

conditions including worse sleep (Pressman et al., 2005), systemic inflammation (Cole et al., 

2007), physiological stress (Adam et al., 2006; Li & Xia, 2020), high blood pressure (Hawkley et 

al., 2006, 2014), impaired immune function/ low white blood cell count (Pressman et al., 2005; 

Walker et al., 2019), cardiovascular disease (Berkman & Syme, 1979; Caspi et al., 2006; Valtorta 

et al., 2016), and stroke (Valtorta et al., 2016). While not necessarily mutually exclusive from these 

risks, poor perceived connectedness is also associated with a heightened risk for clinically-

significant pain, a major public health problem. In a sample of over 500,000 participants, 

individuals who reported often feeling lonely (18% of the sample) had almost a two-fold higher 

risk of having pain that interfered with daily life (Allen et al., 2020). Longitudinal studies link 

baseline social factors to risk of future pain—for example in people with chronic pain (Evers et 

al., 2003; Ferreira-Valente et al., 2014; Karayannis et al., 2019), adults who were monitored after 

an accidental injury (Prang et al., 2015; Richmond et al., 2018), and in the development of 

occupational pain (Nahit et al., 2003). 

Most studies in the field focus on the relationship between perceived social connectedness 

(i.e., social support, loneliness) and reduced pain (Cohen-Mansfield & Marx, 1993; Evers et al., 

2003; Hanssen et al., 2014; Holtzman et al., 2004; Jensen et al., 2011). While less widely tested, 

research also indicates that being isolated or having few social connections is associated with 
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increased clinical (Forgeron et al., 2010; Hanssen et al., 2014; Isacsson et al., 1995) and laboratory-

induced pain (Johnson & Dunbar, 2016). Mitchinson and colleagues found that having more social 

contacts was associated with reduced pain intensity and opiate use after a major surgery in 605 

veterans (Mitchinson et al., 2008). In addition, for laboratory-induced pain, a meta-analysis found 

that viewing or physically touching a romantic partner is associated with decreased acute pain 

response (though the mere knowledge of friend or partner being present had no significant effect; 

Che et al., 2018). This is broadly in line with other findings that affiliative behavior directly 

moderates acute pain experience in humans (Dunbar et al., 2012; Krahe & Fotopoulou, 2018; 

Manninen et al., 2017; Mohr et al., 2018; Nummenmaa et al., 2016) and other animals (D’amato 

& Pavone, 1993; Eliava et al., 2016; Langford et al., 2010; Tang et al., 2020). 

The interactions between social behavior, social connectedness, and pain are 

multidimensional. Patients with chronic pain report withdrawing from their social connections due 

to their pain (Smith & Osborn, 2007), which is supported by longitudinal studies (Ravesloot et al., 

2016; Smith et al., 2017). Treatment of pain with prescription opioids may also decrease 

motivation to stay socially engaged (Sullivan & Howe, 2013), perhaps by altering the positive 

reinforcing effects of social affiliation. Such findings make sense when considering that social 

pain (i.e., exclusion, partner loss) and physical pain involve overlapping neural systems (Bernstein 

& Claypool, 2012; Eisenberger, 2012; MacDonald & Leary, 2005). Yet, there remains a need to 

find effective solutions that can mitigate pain experience and/or remedy the social determinants 

and consequences of clinical pain. 

Interventions that manipulate social contact or connectedness show some promise for 

chronic pain. Spouse-assisted pain coping therapy is more effective at reducing pain in individuals 

with osteoarthritis than 12-weeks of physical therapy or standard care (Keefe et al., 2004). Some 
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of the most effective interventions for reducing pain also involve increasing social contact despite 

it not always being the intent. For example meeting weekly with a pain educator, joining a support 

group, or attending tai chi classes (Ashar et al., 2021b; Keefe et al., 2004; Lauche et al., 2016; Van 

Oosterwijck et al., 2013). However, until measurement for social changes is better standardized 

and reported, the effects of social contact in such trials will remain unclear. 

A few preliminary studies have investigated the effectiveness of LKM in reducing chronic 

pain. An 8-week LKM program was associated with reduced daily pain reports in patients with 

chronic low-back pain relative to a non-active control (Carson et al., 2005). In this trial, increased 

time spent in LKM practice was associated with lower pain the following day. Nearly identical 

findings are reported for compassion meditation (Chapin et al., 2014), which is closely related to 

LKM but focuses on cultivating sympathy specifically for people who are suffering (Hofmann et 

al., 2011). In women with breast cancer, listening to LKM during a breast biopsy surgery reduced 

acute surgical pain, which was not observed for patients who listened to music or had standard 

care (Soo et al., 2016). In a follow-up study, this group found that listening to LKM at home peri-

operatively and during biopsy surgery reduced reports of whole body pain (Wren et al., 2019). 

Despite increasing attention being paid to the potential beneficial effect of LKM on pain 

experience, no prior work has tested whether LKM affects experimentally-induced pain. 

  

Overview of the Dissertation 

 

The goal of the dissertation is to better understand the interplay among empathy, affiliative 

behavior, and social connectedness—and their significance to health and well-being. Affiliative 

behavior is primarily indexed by engagement in social activity while perceived social 
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connectedness is indexed by social support, relationship satisfaction and/or a lack of loneliness. 

The role of the right hemisphere in empathy and social functioning is examined in the first study. 

STUDY 1A studies individuals who have suffered a right hemisphere stroke and tests for a 

behavioral association between emotion recognition—a basic form of empathy—and social 

outcomes. The emotion recognition task involves perception of both emotional facial expressions 

and vocal prosody, which are processes that appear to rely on a coordinated network of 

predominantly right-lateralized brain regions. STUDY 1B then explicitly examines whether 

damage to this right-lateralized network of pSTG/STS, IFG, and AI is associated with worse social 

outcomes in a large sample of stroke survivors using the UK Biobank brain imaging dataset.  

STUDY 2 then investigates empathy, affiliative behavior, and perceived social 

connectedness in neurologically healthy adults. A 4-week LKM training aimed at increasing 

positive social thoughts, empathy, and social connectedness was administered via an internet-

based randomized controlled trial conducted in the context of COVID-19 social distancing. In 

STUDY 2A, social activity and connectedness outcomes are measured before and after LKM and 

compared to changes following an active control relaxation meditation. Lastly, STUDY 2B uses 

the same trial to examine whether changes to social outcomes after meditation are associated with 

changes to acute pain tolerance.  

Together, the studies provide new evidence corroborating the importance of empathic 

processes, social behavior, and social connectedness across health and disease. Each study 

provides a step forward in understanding the real-world consequences of empathic deficits and 

social disconnect. Implications, limitations, remaining questions, and suggestions for future 

research are discussed in the General Discussion.  
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STUDY 1: EMPATHIC DEFICITS AND SOCIAL OUTCOMES AFTER STROKE 

 

 More than 16 million people suffer a stroke each year worldwide (Feigin et al., 2014). 

Stroke-related mortality has declined (Lackland et al., 2014), but the growing number of survivors 

(Béjot et al., 2016) makes stroke a leading cause of disability and a public health burden (Luengo-

Fernandez et al., 2020; Murray & Lopez, 2013; Rajsic et al., 2019). Primary areas of focus during 

stroke rehabilitation emphasize common sequalae such as impairment of motor skills, language, 

and hemineglect (Bernhardt et al., 2017; National Institute of Neurological Disorders and Stroke, 

2011). By contrast, social and empathic deficits such as emotion perception difficulties currently 

receive little attention following stroke, although they are common (Cooper et al., 2014; Durfee et 

al., 2021b; Starkstein et al., 1994), hinder patients’ quality of life (Adams et al., 2019), and are 

frequently noted as a concern by caregivers (Urrutia et al., 2014).  

Perceiving others’ emotions from visual and auditory cues engages cortical areas that are 

predominantly right-lateralized including pSTG/STS, IFG and AI—all of which are regions 

frequently impacted by right hemisphere stroke. Since prior work already links right hemisphere 

stroke to deficits in empathy and emotion recognition (Hillis, 2014; Yuvaraj et al., 2013), this 

research aims to extend these findings to determine the consequences of such difficulties and to 

examine their neural correlates. 

Two main questions are tested. STUDY 1A examines whether emotion recognition 

impairments are associated with worse social outcomes following stroke. For this first test, we 

focus on individuals who are most likely to experience the long-term consequences of empathic 

deficits—right hemisphere stroke survivors in the chronic phase of stroke. STUDY 1B then uses 
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a large sample of stroke survivors with diverse lesion locations to test the hypothesis that strokes 

affecting right pSTG/STS, IFG and AI will be most associated with social decline.  

 

Study 1A – Emotion Recognition after Right Hemisphere Stroke 

 

Introduction 

 

The ability to discriminate whether someone is loudly exclaiming in joy or in anger relies 

on our capacity for emotion recognition. In real-world interactions, we integrate rich visual 

information from facial expressions and body language with auditory cues of emotional prosody 

(i.e., variations in vocal pitch, timbre, rhythm or volume that correspond to a speaker’s emotional 

state) to contextualize and interpret others’ emotions. Damage to brain regions involved in emotion 

perception may hinder the ability to recognize these cues. As a result, individuals with impaired 

emotion recognition may find everyday conversations cumbersome or confusing, while 

individuals in their social network may feel frustrated by a lack of emotional connection or by 

being misunderstood. Such outcomes could have important clinical implications. Stroke survivors 

who are socially disconnected from friends and family are more likely to suffer another stroke, 

have worse functional independence, and report lower quality of life (Beckley, 2006; Colantonio 

et al., 1993; Dupre & Lopes, 2016; Evans et al., 1987; Glass et al., 1993; Lehnerer et al., 2019; 

Norlander et al., 2016; Northcott et al., 2016; Vogt et al., 1992).  

Prior work consistently links right hemisphere stroke to deficits in empathy and emotion 

recognition (Adolphs et al., 1996; Blonder et al., 1991; Borod et al., 1998; Charbonneau et al., 

2003; Kucharska-Pietura et al., 2003; Urrutia et al., 2014; van den Berg et al., 2021; Witteman et 
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al., 2011; Yuvaraj et al., 2013). A 2013 meta-analysis reported that of 35 published papers 

investigating facial emotion recognition after stroke, 32 (91%) found impaired recognition 

accuracy in patients with right hemisphere stroke compared to only 1 (3%) paper that found 

impairment after left hemisphere stroke (Yuvaraj et al., 2013). A 2011 meta-analysis of emotional 

prosody found that a stroke injury to either hemisphere was associated with compromised 

recognition accuracy, but the effect of right hemisphere damage was significantly greater 

(Hedges’s g=0.37, n=620; Witteman et al., 2011). Work in acute right hemisphere stroke patients 

indicates that damage to right pSTG/STS predicts emotional prosody deficits and that these 

impairments usually persist to the chronic phase of stroke (Sheppard et al., 2020).  

Only three prior studies have investigated the potential implications of emotion recognition 

deficits after stroke. Cooper and colleagues observed that across patients with bilateral, right and 

left hemisphere stroke, emotion recognition accuracy is associated with reduced social activity 

participation in a U.K. sample, which persisted after adjustment for non-social activity changes 

(Cooper et al., 2014). In a small sample of right hemisphere stroke patients, emotion recognition 

and prosody impairments were associated with worse martial satisfaction (Blonder et al., 2012). 

Stiekema and colleagues, however, reported no association between emotion recognition and 

overall (combining social and non-social) activity restriction in a Dutch sample (Stiekema et al., 

2019). The former two studies used multimodal testing of emotion recognition while the latter 

used only static facial expressions. These differing results motivate the current research and 

indicate that multimodal emotion recognition testing and separate assessment of social and non-

social activity changes are important. 

This study first sought to confirm that emotion recognition is impaired in right hemisphere 

stroke survivors relative to demographically-matched controls. The study then tested whether 
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emotion recognition deficits are associated with worse social outcomes after right hemisphere 

stroke. Two measures of social activity and one measure of perceived social connectedness were 

considered. Measurement of emotion recognition accuracy used a multimodal video task that 

incorporated dynamic vocal and facial emotional cues analogous to real-world social 

communication (Schlegel et al., 2014). If emotion recognition difficulties do in fact lead to 

meaningful social withdrawal, exclusion, and/or emotional disconnect—then patients with worse 

emotion recognition accuracy are expected to suffer from both reduced social activity and lower 

perceived social connectedness. 

 

Methods 

 

Participants 

We enrolled 22 right hemisphere stroke patients in the chronic (≥ 6 months) phase of stroke 

recovery and 31 demographically-matched healthy control subjects, all over the age of 45. 

Participants were recruited from the Washington, DC Metro area between 2017 and 2019. The 

final sample excluded participants who had bilateral stroke involvement (n=2), incomplete data 

(n=1) or significant comprehension difficulties (n=1). Control subjects were excluded for 

abnormal MRI (n=2), medical conditions with neurological involvement (n=2), Montreal 

Cognitive Assessment (MoCA) score < 20 (n=4; Waldron-Perrine & Axelrod, 2012) or incomplete 

data (n=2).  

The final sample included 18 right hemisphere stroke patients (11M, 7F) and 21 control 

participants (13M, 8F). Demographic characteristics of the final sample are reported in Table 1.1. 

All study procedures were carried out in accordance with a protocol approved by the Institutional 
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Review Board at Georgetown University in Washington, DC, and participants provided written 

informed consent prior to testing. 

Imaging data (CT or MRI) were available for all participants and reviewed by a board-

certified neurologist. All patients had ischemic strokes within the right middle cerebral artery 

(MCA) territory; a large intraparenchymal hemorrhagic conversion was noted in one. Additional 

small lesions outside the right MCA-territory (e.g., in the pons) were noted in four of the patients. 

All stroke patients and control subjects completed the National Institutes of Health Stroke Scale 

(NIHSS) assessment (National Institute of Neurological Disorders and Stroke, 2011). 

 

Table 1.1. Characteristics of the final sample. [a] For reference, 65.7% of adults between the 

ages of 45-65 report being currently married in the Washington, DC Metro area (U.S. Census 

Bureau, 2018); [b] The Hollingshead Index is a measure of socioeconomic status; higher scores 

indicate higher socioeconomic status (range 8 to 66). 

 

 

 

 

 

 

 

 

 

 

  Right hemisphere 

stroke 

Control p-value 

N 18 21  

Age, M (SD) 62.3 (9.4) 59.0 (7.2) .232 

Gender 
 

 .959 

      Male 11 13  

      Female 7 8  

Race 
 

 .967 

      White/ Caucasian 7 9  

      Black/ African-American 10 11  

      Asian 1 1  

Marital Status[a] 
 

 .010 

      Married 11 4  

      Unmarried 7 17  

Hollingshead Index[b], M (SD) 49.7 (16.8) 50.6 (13.4) .968 

Months since stroke, M (SD)   18.8 (11.6) -  

NIHSS, M (SD) 3.9 (2.8) 0.1 (0.3) <.001 
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Geneva Emotion Recognition Test – Short (GERT-S) 

The GERT-S (Schlegel & Scherer, 2016) presents 42 brief (1-3 s) videos with sound, in 

which actors are speaking in a pseudo language and expressing 1 of 14 emotions through tone of 

voice, body language and facial expression. After presentation of each video, participants selected 

the emotion they thought the individual was expressing using an emotion wheel that organized 

emotions by valence (Figure 1.1). Participants completed the task on a computerized tablet and 

responded with a stylus. Three practice trials were included prior to beginning the task. No limit 

was imposed for response time.  

The task was coded in PsychoPy 1.81.1 (Peirce, 2007). Overall accuracy was assessed as 

the number of total correct trials divided by the total number of trials completed. One participant 

completed 37 of the 42 trials due to a computer problem, but was included in the final sample. The 

GERT-S shows high internal consistency (alpha=.80-.83) and positively correlates with other 

measures of emotion recognition and emotion understanding (Schlegel et al., 2017; Schlegel & 

Scherer, 2016). One advantage of this task is that it spans a similar number of positive and negative 

emotions, which reduces bias for the overall accuracy score to overrepresent negative emotion 

recognition, which is the case for almost all prior work in stroke survivors. 
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Figure 1.1. Response options on the GERT-S emotion recognition test. Following each video 

stimulus, subjects selected an emotion using the Geneva Emotion Wheel (Scherer et al., 2013; 

Schlegel & Scherer, 2016). 

 

Activity Card Sort (ACS)  

The ACS (Baum & Edwards, 2001, 2008) probes engagement in 89 different activities 

(e.g., “eating at a restaurant”, “paying bills”) through manual sorting of individual activity cards. 

Moderate-to-high internal consistency is observed for the four subscales, which categorize activity 

types (social: alpha=.77-.80; low-physical-demand leisure: alpha=.66-.71; high-physical-demand 

leisure: alpha=.61-.85; instrumental: alpha=.71-.83; Everard et al., 2000; Katz et al., 2003). The 

social subscale includes items such as, “talking on the phone,” “visiting friends,” and “volunteer 

work”. The low-physical-demand leisure subscore was used as a measure of non-social activity 

since its items require comparable levels of physical demand to the social activity items. Example 

low-physical-demand leisure items include, “listening to the radio,” “going to the museum,” and 

“recreational shopping.” 
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The ACS has been used to estimate changes in activity participation over time, including 

after stroke (Chan et al., 2006; Edwards et al., 2006; Hartman-Maeir et al., 2007; Katz et al., 2003; 

Lyons et al., 2010). Stroke participants with were asked to indicate how their current engagement 

in each activity differed relative to just before their stroke. Control participants were asked to 

indicate how their current engagement in each activity differed from a couple of years prior so as 

to match the time since stroke in the patient group. Response options included: never did, continue 

to do now, doing less, given up, and started this. Retention of activity is calculated as the 

percentage of activities in which a person is currently involved in relative to prior engagement. 

This score is obtained by dividing the sum of current activities by the sum of previous activities 

and multiplying by 100 (“doing less” was assigned as previous=1 current=0.5). Higher scores 

indicate greater retention of pre-stroke/ prior activity. Additional information and figures showing 

participant responses on the ACS are included in the appendix (Figures A.1 & A.2). 

 

Older Americans Resources and Services (OARS) Social Resources Scale 

 The Social Resources Scale of the OARS Multidimensional Functional Assessment 

contains 11 items and was developed for use in community-based, older Americans (Fillenbaum, 

2013). We used subscores (Burholt et al., 2007) to separately assess weekly amount of social 

activity and perceived social connectedness.  

Weekly social activity was indexed by the OARS Interaction subscale. Example items 

include, “About how many times in a normal week do you talk to someone—friends, relatives, or 

other persons—on the telephone?” and “How many times during a typical week do you spend some 

time with someone who does not live with you?” Total score could range from 0-9, in which a 

higher value reflects increased weekly social activity.  
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Perceived social connectedness was measured by summing the Affective and 

Dependability subscales. Example items included, “Do you find yourself feeling lonely?”, “Do you 

see your relatives and friends as often as you want to, or are you somewhat unhappy about how 

little you see them?” Total score could range from 0-8, in which a higher value reflects increased 

perceived social connectedness.  

 

Statistical analysis 

 Statistical analyses were completed in Stata 15 (StataCorp. 2017. College Station, TX). 

Fisher’s exact tests assessed group differences for race and marital status and a chi-squared test 

assessed differences in gender. Two-tailed t-tests were used to compare groups on emotion 

recognition accuracy; Cohen’s d effect sizes along with corresponding 95% CI are reported. For 

approximately normally distributed variables, Pearson correlation tests assessed the relationship 

between emotion recognition accuracy and social outcome. For non-normally distributed 

variables, Spearman rank correlation tests were used instead. All p-values represent significance 

of a two-tailed test. Multiple linear regression models were used to further assess correlational 

relationships and adjust for covariates while testing for group interaction effects. For these models, 

group was coded as 0=control and 1=right hemisphere stroke, and sex as 0=male and 1=female. 

 

Results 

 

Emotion recognition accuracy 

 Relative to the control group, participants with right hemisphere stroke had worse overall 

emotion recognition accuracy (RH: M=38.3%, SD=17.3%; Control: M=49.1%, SD=14.0%; 
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t(37)=2.16, p=.037; d=.69, 95% CI=[.04 to 1.34]; Figure 1.2). Similar trends were observed when 

assessing overall accuracy for positive emotion target trials (RH: M=47.5%, SD=20.4%; Control: 

M=59.3%, SD=19.0%; t(37)=1.87, p=.070, d=.60, 95% CI=[-.05 to 1.24]) and overall accuracy 

for negative emotion target trials (RH: M=32.9%, SD=19.6%; Control: M=42.9%, SD=16.1%; 

t(37)=1.74, p=.090, d=.56, 95% CI=[-.09 to 1.20]), suggesting that impairments were not limited 

to a particular valence. 

 

 

Figure 1.2. Emotion recognition accuracy by group. The right hemisphere stroke group 

exhibited worse emotion recognition performance relative to control subjects (p=.037). Chance 

accuracy is 7.1%; Error bars represent 95% CI of the mean. 

 

 To determine whether minor mistakes involving mix-ups between similar emotions (e.g., 

mislabeling fear as anxiety or vice-versa) could explain group differences, we also assessed overall 

accuracy when permitting emotions with similar meanings to be interchangeable as follows: anger 

= irritation, sadness = despair, fear = anxiety, joy = amusement, and pleasure = relief. On average, 

these minor mistakes accounted for 22.9% of errors in the stroke group and 19.4% of errors in the 

control group. The between group difference in emotion recognition accuracy persisted after 
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coding these minor errors as correct (RH: M=49.2%, SD=18.3%; Control: M=60.2%, SD=13.6%; 

t(37)=2.16, p=.037, d=.69, 95% CI=[.04 to 1.34]). This indicates that stroke patients’ worse 

performance could not be attributed to trivial labeling errors between similar emotions.  

To visualize the nature of errors in each group on the emotion recognition task, confusion 

matrices display how participants responded to each target emotion (Figure 1.3). These matrices 

indicate that overall, the groups made similar mistakes; for example, mislabeling fear as anger and 

irritation as interest. However, the right hemisphere stroke group had a higher proportion of 

responses off the diagonal, indicating lower overall accuracy (the proportion of responses off the 

diagonal is equivalent to 100% - overall percent accuracy). 

 

 

Figure 1.3. Emotion recognition accuracy by emotion type. Confusion matrices depict mean 

responses for each group. Darker red on the diagonal indicates higher accuracy, while darker red 

off the diagonal indicates errors. Plots reveal that right hemisphere stroke participants and control 

participants made similar mistakes (i.e., incorrectly labeling fear stimuli as anger), but overall 

performance was worse in the stroke group. 
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Emotion recognition accuracy in relation to social activity 

A positive correlation between emotion recognition accuracy and retention of social 

activities as measured by the ACS was observed in the right hemisphere stroke group (r=.506, 

p=.032). No similar relationship was observed in the control group (r=-.071, p=.760).  

To more fully account for the role of potential confounding variables, we investigated this 

association using a multiple linear regression model, which adjusted for age, sex, and retention of 

non-social activities (Table 1.2). The model set emotion recognition accuracy as the dependent 

variable and tested the effect of a group x social activity retention interaction term to examine 

whether, for stroke patients relative to controls, poor social activity retention is associated with 

worse emotion recognition performance. The interaction term improved the fit of the model 

(R2=.09, p=.025) and revealed a significantly greater positive association between retention of 

social activities and emotion recognition accuracy in the right hemisphere stroke group relative to 

controls (b=56.64, 95% CI=[7.49, 105.80], p=.025; Figure 1.4a). In other words, after adjusting 

for age, sex, and change to non-social activities, emotion recognition impairments were associated 

with reduced social activity retention specifically for the stroke patients. Consistent with prior 

research (Ruffman et al., 2008; Schlegel et al., 2014; Schlegel & Scherer, 2016), older age was 

also associated with reduced emotion recognition accuracy.  
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Table 1.2. Linear regression predicting emotion recognition accuracy. Emotion recognition 

impairments were associated with reduced social activity retention for the stroke patients. 

Accuracy is percent correct between 0 and 100, b represents unstandardized coefficients; n = 39. 

*p<.05, **p<.01. 

 

In a follow-up analysis, replacing the non-social activity covariate with a measure of stroke 

severity (NIHSS total score) had no effect on results. No significant association between stroke 

severity and emotion recognition emerged (b=-0.15, 95% CI=[-2.57, 2.27], p=.899), and the group 

x social activity retention interaction term remained associated with emotion recognition accuracy 

(b=57.48, 95% CI=[5.15, 109.81], p=.032).  

Emotion recognition accuracy exhibited no significant correlation with weekly social 

activity as measured by the OARS Social Resources Scale in the right hemisphere stroke group 

(rho=.401, p=.099 Figure 1.4b) or control group (rho=.082, p=.723). Because there was a trending 

relationship in the stroke group, however, we explored this relationship using multiple linear 

regression including covariates for age, sex and change to non-social activity. The model exhibited 

no significant relationship between weekly social activity and emotion recognition accuracy 

(b=0.52, 95%CI=[-2.69, 3.73], p=.742) and including the group x activity interaction term did not 

 Step 1 Step 2 

  b 95% CI p b 95% CI p 

Constant 24.87 -4.00, 53.75  54.32 17.06, 91.58  

Age -0.79 -1.39, -0.20 .011* -0.87 -1.43, -0.30 .004** 

Sex 2.66 -6.92, 12.24 .577 2.22 -6.78, 11.23 .618 

Non-social activity 29.27 -3.72, 62.25 .080 28.19 -2.80, 59.17 .073 

Social activity -3.85 -35.99, 28.29 .809 -37.47 -79.45, 4.50 .078 

Group -6.13 -15.60, 3.34 .197 -52.25 -93.24, -11.26 .014* 

Social activity * Group    56.64 7.49, 105.80 .025* 

R2 .374**   .466**   

R2 
 

  .092*   



 39 

improve model fit (R2=.01, p=.488) indicating no significant difference in the relationship 

between groups.  

 

Emotion recognition accuracy in relation to perceived social connectedness 

Emotion recognition accuracy exhibited no significant correlation with perceived social 

connectedness score in the right hemisphere stroke group (rho=.168, p=.505; Figure 1.4c) or 

control group (rho=.175, p=.449).  

 

 

Figure 1.4. Emotion recognition accuracy is positively associated with social activity 

retention after right hemisphere stroke. Emotion recognition accuracy was associated with (a) 

better retention of social activity after right hemisphere stroke, which persisted after adjusting for 

non-social activity retention and stroke severity. No significant association emerged between 

emotion recognition accuracy and (b) weekly social activity or (c) perceived social connectedness 

as measured by the OARS Social Resources Scale. Correlation values indicate the relationship 

within the right hemisphere stroke group only. Analogous relationships were not observed in the 

control sample (ps>.449).  
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Discussion 

 

 STUDY 1A provides insight on the potential social consequences of right hemisphere 

stroke. Participants with right hemisphere stroke had worse performance than age-matched 

controls on a dynamic, multimodal emotion recognition task. Level of impairment in the stroke 

group, but not controls, was associated with reduced social activity retention. This association 

between emotion recognition deficits and loss of social activities after stroke persisted upon 

adjusting for changes to non-social activities and stroke severity, indicating the effect was not 

driven by other stroke sequelae (e.g., hemiparesis). These results suggest that emotion recognition 

deficits may play a role in patients becoming socially isolated despite widespread consensus of the 

importance of maintaining social connectedness in stroke recovery (Boden-Albala et al., 2005; 

Colantonio et al., 1993; Glass et al., 1993; Glass & Maddox, 1992; Nijsse et al., 2019; Norlander 

et al., 2016; Northcott et al., 2016; Shimoda & Robinson, 1998; Wellman & Wortley, 1990).  

Results corroborate a small but growing literature reporting associations between emotion 

recognition difficulties and social functioning after neurological insults including stroke (Blonder 

et al., 2012; Cooper et al., 2014; but see Stiekema et al., 2019) and traumatic brain injury (Knox 

& Douglas, 2009; McDonald et al., 2004; Spikman et al., 2013; Struchen et al., 2008). The current 

findings are closely aligned to a prior study that similarly observed a relationship between 

multimodal emotion recognition accuracy and restricted social activity following stroke (Cooper 

et al., 2014). This prior study reported no link between emotion recognition and a measure of 

satisfaction with social relationships. Likewise, we observed no association between emotion 

recognition and perceived social connectedness as measured by the OARS Social Resources Scale. 

However, the limited scope of both Cooper et al’s social satisfaction measure (3 items; WHOQoL-
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BREF), and our OARS perceived social connectedness measure (4 items) caution against 

interpreting these results. Neither assessment included items related to belongingness, and only 

the OARS measure included a question on loneliness. Emotion recognition impairments have also 

previously been linked to lower marital satisfaction after right hemisphere stroke (Blonder et al., 

2012)—suggesting that more comprehensive measures of perceived connectedness that 

specifically assess relationships with spouses/partners may be useful for future work. A trending 

correlation was observed in stroke survivors between emotion recognition accuracy and weekly 

social activity as measured by the OARS. This is broadly in line with the social activity retention 

result, but it is worth noting that the OARS questionnaire assessed only current social activity 

rather than change since stroke.  

The patient group was similarly impaired at recognizing both positively and negatively 

valenced target emotions. The GERT-S task has six positive emotion categories and seven negative 

emotion categories, which is notable since nearly all prior similar work is strongly biased toward 

measuring negative emotion recognition (happiness is often the only positively valenced emotion). 

Partly because of the inclusion of so many emotion types, however, the task is also complex and 

cognitively demanding as participants chose from 14 response options. Performance accuracy for 

the control sample was low (49%) although similar to prior studies (Schlegel & Scherer, 2016, 

Schlegel personal communication), making it difficult to precisely define emotion recognition 

deficit from these data. Future work in our group adapts the GERT-S task to be easier for older 

adults and introduces a matched, non-emotional control task to improve interpretability. 

A major limitation of this study is the small sample size. Small sample sizes reduce 

statistical power and diminish reliability of multivariate analyses. The multivariate regression 

models reported here included important covariates for this sample, but replication is essential to 
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confirm results. Because this was a cross-sectional study, we were also unable to fully characterize 

patients’ social activity or connectedness pre-stroke. In the general population, social isolation is 

linked to worse health behaviors that can increase stroke risk (e.g., reduced physical activity and 

increased nicotine consumption; Hawkley et al., 2006, 2009; House et al., 1988), which suggests 

the possibility that the right hemisphere stroke group may have had relatively worse social 

functioning prior to the stroke. However, the main result used a measure of social activity change 

since the stroke—which captures variation specific to the stroke and should be less biased by pre-

stroke function. An additional limitation is our use of the OARS Social Resources Scale. While 

this measure is designed specifically for older Americans and has strong conceptual support 

(Burholt et al., 2007), it contains few items. The OARS is particularly limited in its assessment of 

perceived social connectedness (Harel & Deimling, 1984) and some reports indicate low reliability 

(Burholt et al., 2007). Future work on improving measurements of social outcomes after stroke are 

needed. Because our measures relied on patient report, other stroke related cognitive difficulties 

should be considered when interpreting results. For example, right hemisphere stroke is frequently 

associated with limited awareness of the disease and related problems (e.g., anosognosia and 

anosodiaphoria; Gasquoine, 2015), impaired magnitude estimation (Mennemeier et al., 2005), and 

memory problems (Gillespie et al., 2006), which may have impacted retrospective comparisons of 

activity levels.  

An array of interrelated cognitive and socioemotional difficulties may present after stroke 

(e.g., mood disorders, memory deficits). However, targeting rehabilitation research on precise 

domains that: 1) can be easily measured in clinical or non-clinical settings and, 2) already have 

established treatment options, would be an optimal approach forward. Emotion recognition is a 

strong candidate domain because it can be trained to improvement in patient populations—as has 
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been shown in traumatic brain injury (Neumann et al., 2015; Radice-Neumann et al., 2009), 

children with autism (Berggren et al., 2018; Yun et al., 2017), individuals with depressive 

symptoms (Jahangard et al., 2012; Penton-Voak et al., 2012), and recently in acute stroke (Durfee 

et al., 2021b). In addition to remediating emotion recognition deficits in patients, promoting 

training and education for family members and caregivers about emotional communication 

impairments may be similarly valuable, which has been shown in dementia care (Magai et al., 

2002).  

Stroke survivors often describe their social relationships as vulnerable and strained, but 

find that being connected to supportive others can help them cope with their disabilities (Northcott 

et al., 2016). Supporting social life following stroke is clearly significant, but targeted 

identification and rehabilitation of deficits remains underinvestigated. This study implicates 

emotion recognition as an important clinical marker after right hemisphere stroke that may help 

identify patients at risk for social disconnection. Additional indicators for social decline could 

come from stroke lesion location, which is assessed by STUDY 1B. 

 

Study 1B – Neuroanatomical Correlates of Social Decline after Stroke 

 

Introduction 

 

In neurologically healthy adults, empathic processes such as detecting and responding to 

emotional features of speech (i.e., prosody) and facial expressions engage brain regions including 

right pSTG/STS, right IFG, and right AI (Adolphs, 2002; Allison et al., 2000; Pitcher & 

Ungerleider, 2021; Schobert et al., 2018; Seydell-Greenwald et al., 2020). These brain areas are 
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frequently damaged by strokes affecting the middle cerebral artery, which is the most common 

stroke type (Ng et al., 2007). Strokes affecting right pSTG/STS are associated with impaired 

emotion perception (Durfee et al., 2021a; van den Berg et al., 2021) and long-term deficits in 

emotional prosody (Sheppard et al., 2020). Strokes affecting right AI are associated with difficulty 

making inferences about others’ emotional states (Leigh et al., 2013) and surgical resection of 

insula impairs emotion recognition accuracy (Boucher et al., 2015), reduces self-reported empathy 

(Boucher et al., 2015), and diminishes responsiveness to others’ pain (Gu et al., 2012). Damage to 

right IFG is linked to impaired ability to recognize and express emotions (Adolphs et al., 2002; 

Durfee et al., 2021a; Marinkovic et al., 2000; Patel et al., 2018). A large study including right and 

left hemisphere stroke patients found that damage to right AI, right IFG and right pSTG/STS, but 

no left hemisphere area, was associated with impaired facial emotion recognition (van den Berg et 

al., 2021). Despite overwhelming evidence of empathic deficits following right hemisphere stroke, 

there remains incomplete understanding of whether damage to empathy and emotion perception 

brain regions—especially right pSTG/STS, right IFG, and right AI—are associated with worse 

social outcomes following stroke. 

Right hemisphere stroke is associated with poor quality of life and low functional 

independence, even when compared to left hemisphere stroke (de Haan et al., 1995; Johansson et 

al., 1992; Ween et al., 1996). Unlike people living with a left hemisphere stroke injury, right 

hemisphere stroke survivors typically retain normal language function and use of their dominant 

hand. But then why are right hemisphere strokes associated with such poor outcomes? One 

explanation could be their relation to empathic and emotion perception deficits, which receive little 

attention during rehabilitation. Deficits to empathic processes are likely difficult for friends and 

family members to recognize as stroke-related. They may be misinterpreted as the patient being 
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disinterested, apathetic, or callous, particularly when language reception and expression is 

otherwise normal, as can occur after right hemisphere stroke. As a result, a patient with impaired 

empathy or emotion recognition could experience significant social isolation. In line with this, a 

few recent reports, including results from STUDY 1A, link impaired emotion recognition accuracy 

to reduced social activity participation following stroke (Cooper et al., 2014; O’Connell et al., 

2021a) and lower marital satisfaction (Blonder et al., 2012). Poor social connectedness can have 

damaging effects on stroke outcomes related to functional independence, quality of life, morbidity, 

and mortality (Beckley, 2006; Colantonio et al., 1993; Dupre & Lopes, 2016; Erler et al., 2019; 

Evans et al., 1987; Glass et al., 1993; Lehnerer et al., 2019; Lord, 2005; Norlander et al., 2016; 

Northcott et al., 2016; Vogt et al., 1992). Thus, better understanding how stroke lesion location is 

associated with social decline is clinically significant. 

Adding to the complexity of understanding social decline following stroke, aphasia and 

impaired language functioning after left hemisphere stroke can also lead to social isolation (Hilari 

& Northcott, 2017; Vickers, 2010). Patients with aphasia frequently report losing friendships 

(Hilari & Northcott, 2006, 2017; Northcott et al., 2016; Ross & Wertz, 2003) and damage to left 

IFG in particular is tied to poor psychosocial quality of life (Dvorak et al., 2021). In addition, 

stroke severity or impaired motor function may explain as much or more variation in social 

connectedness outcomes as hemispheric damage. Stroke severity and motor deficits are associated 

with a wide range of outcomes following stroke (Dalemans et al., 2010; de Graaf et al., 2018; Glass 

et al., 1993; Jansen et al., 2012), but notably, social outcomes can be severely affected without 

physical disability (de Haan et al., 1995; Nijsse et al., 2019). This suggests that some types of 

stroke can specifically alter social functioning, possibly due to damage of brain areas involved in 

empathy and emotion perception.  
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To help answer these questions, this investigation assessed a large, diverse sample of adults 

living with stroke who were included in the UK Biobank brain imaging sample. Both amount of 

social activity and perceived social connectedness were considered. We hypothesized that impacts 

to the right-lateralized network that underlies empathy and emotion perception processing—

including right pSTG/STS, IFG, and AI—would be associated with worse social outcomes. We 

had no a priori hypotheses concerning differences in social outcome measures since prior studies 

link impaired emotion recognition to both reduced social activity (Cooper et al., 2014; O’Connell 

et al., 2021a) and lower relationship satisfaction (Blonder et al., 2012). To understand the potential 

role of the left hemisphere in social outcomes, we also examined participants with impact to 

contralateral left hemisphere areas (left pSTG/STS, IFG, and AI), which may be associated with 

aphasia-related social decline. Lastly, we considered the role of additional variables including 

stroke lesion extent, fluid intelligence, stroke-related motor weakness, time spent walking, and the 

number of people a participant lives with. 

 

Methods 

 

Participants 

The UK Biobank is an ongoing, longitudinal study including >500,000 U.K. dwelling 

adults over the age of 40. Details about the UK Biobank sample are described elsewhere (Allen et 

al., 2014). We selected from the sample in a series of steps, restricting to participants who: 1) had 

a stroke either according to linked hospital records or self-report (n=13,134), 2) completed the 

brain imaging session (n=562), 3) had T1-weighted MP-RAGE data available for download as of 

April 2021 (n=471), 4) were confirmed to have an identifiable stroke lesion on structural images 
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(n=236), 5) did not have other major neurological abnormalities (e.g., a tumor or foreign object) 

or a history of traumatic brain injury (n=233), 6) had usable T1 weighted images without excessive 

motion artifact (n=231), 7) completed all 6 social connectedness questions at the brain imaging 

session (n=212), and 8) experienced their first stroke after the age of 25 (n=209), which is an 

approximate age of brain maturation (Lebel et al., 2008).  

Participants completed the baseline UK Biobank assessment between 2006 and 2010, 

which included an extensive medical history evaluation and questionnaire completion among other 

testing. Brain imaging sessions were completed between 2014-2020, which similarly included 

medical history evaluation and questionnaire completion.  

 

Structural brain imaging data 

 T1-weighted MP-RAGE and T2-weighted FLAIR images were obtained with permission 

from UK Biobank. Details of brain imaging data collection and initial processing can be found 

elsewhere (Alfaro-Almagro et al., 2018). Trained researchers manually traced stroke lesions on T1 

anatomical images and confirmed extent using FLAIR images when available (for 97.4% 

participants).  

We performed custom normalization procedures to transform lesion maps to standard 

space. T1 images underwent field of view reduction then skull-stripping using FSL’s robustfov 

and bet programs, respectively. Six participants had poor skull-stripping due to stroke lesion 

location so their brain masks were manually edited. Images were then deobliqued and normalized 

to MNI152 T1 standard space using AFNI’s @auto_tlrc affine registration program. Visual 

inspection was completed for all subjects’ normalized T1 images and each lesion tracing was 
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overlaid on the MNI template and visually compared with the lesion tracing in native anatomical 

space to ensure appropriate normalization.  

 

Regions of interest  

Regions of interest (Figure 1.5) were obtained using the Brainnetome atlas, which defines 

cortical parcels based on connectional architecture in healthy adults (Fan et al., 2016). This atlas 

includes right and left hemisphere areas that are approximately homologous based on both 

structural and functional connections. Participants with any degree of stroke impact (i.e. lesion 

tracing overlap) with each region of interest were considered affected. 

The pSTG/STS region of interest included posterior sulcul regions most commonly 

associated with emotion perception from visual cues such as facial expressions (Allison et al., 

2000; De Winter et al., 2015; Schobert et al., 2018; Sliwinska & Pitcher, 2018; van den Berg et 

al., 2021) and posterior-to-mid STG, which is most commonly associated with vocal emotional 

prosody (Frühholz et al., 2012; Seydell-Greenwald et al., 2020; Sheppard et al., 2020; Wiethoff et 

al., 2008). This region of interest included parcels labeled as BA41, BA42, caudal BA22 and pSTS 

(label IDs 72, 76, 122, and 124 for right pSTG/STS and 71, 75, 121, and 123 for left pSTG/STS). 

This region encompassed peak coordinates reported by meta-analyses of emotion perception 

(Belyk & Brown, 2013; Witteman et al., 2012). 

Matching prior work assessing emotion recognition after stroke, IFG damage was defined 

by any impact to BA44 or BA45 (Shamay-Tsoory et al., 2009), which span label IDs 30, 34, 36, 

38, and 40 for right IFG and 29, 33, 35, 37, and 39 for left IFG.  

AI is the cytoarchitecturally-defined area of insula most closely linked to empathy and 

emotion recognition (Chang et al., 2013; Gu et al., 2012, 2013). This region is structurally and 
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functionally distinct from middle and posterior insula, which are linked more to autonomic, 

gustatory, pain, and interoceptive processing (Kurth et al., 2010). The Brainnetome atlas includes 

two parcels defined as anterior insula (i.e., agranular insular cortex; label IDs 166 and 168 for right 

AI and 165 and 167 for left AI), which we collapsed into a single region of interest.  

 

 

Figure 1.5. Regions of interest. pSTG/STS (navy blue), IFG (light blue), and AI (red) were 

separately defined in right and left hemisphere. Axial slice shows right hemisphere on the right. 

 

Principle component analysis (PCA) of social measures 

Six measures that index social connectedness were collected at the UK Biobank brain 

imaging session via a touchscreen questionnaire: family relationship satisfaction (Data-Field 

4559), friendship satisfaction (Data-Field 4570), being able to confide in someone (Data-Field 

2110), loneliness (Data-Field 2020), frequency of friend/ family visits (Data-Field 1031), and 

weekly number of social/leisure activities (Data-Field 6160). Additional information about these 

items is available on the UK Biobank Data Showcase (https://biobank.ndph.ox.ac.uk/showcase/). 
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To reduce the number of outcome variables for the lesion analyses, these items were entered into 

a principle components analysis (PCA) with varimax rotation and we expected to find support for 

components that separately index perceived social connectedness and social activity. Prior to entry 

to PCA, scores were adjusted such that higher values indicated better functioning. A standard 

eigenvalue cutoff >1 was used to determine the number of components extracted and factor scores 

were calculated for each participant. 

 

Covariates  

 Two variables were selected to index two constructs reliably linked to social connectedness 

in older adults: household composition (Hodge et al., 2013; van Ingen & van Eijck, 2009), and 

cognitive ability (Bowling et al., 2016; Cooper et al., 2015; Hewetson et al., 2018; Marja Smits et 

al., 1995). Household composition was indexed as the total number of individuals living in their 

household, as reported by the participants at the brain imaging session (Data-Field 709). Cognitive 

ability was indexed using a 13-item multiple choice touchscreen measure of fluid intelligence, 

which measured problem solving requiring logic and reasoning ability (Data-Field 20016). Each 

item had a 120 s timer, and correct items answered in time were summed resulting in a Fluid 

Intelligence score ranging from 0 to 13. Participants could opt out if they felt unable to try the test. 

Therefore, because fluid intelligence scores were missing non-randomly, the regression models 

use a step-wise method including the fluid intelligence variable last.  

Since motor deficits following stroke could restrict a participant’s ability to engage in 

social activity, we additionally included a measure of stroke-related motor weakness. Specifically, 

maximal grip strength of the ipsilateral - contralateral hand was computed and converted to Z-

scores based on the distribution of grip strength difference between hands among participants with 
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no record of having had a stroke. Higher values indicated greater motor weakness (lower relative 

grip strength) of the contralateral, affected hand. For participants with cerebellar strokes we 

assessed contralateral – ipsilateral grip strength instead and for participants with bilateral stroke, 

we assumed the hemisphere with larger stroke lesion volume would be most affected.  

 

Results 

 

Sample characteristics 

 The final sample included 209 participants (140 male, 69 female) who had an average age 

of 68.9 years (SD=6.9, min=49, max=81) at the time of the MRI. Participants completed the 

baseline assessment an average 8.9 years prior to the imaging session (SD=1.8, min=4.5, 

max=12.4) and suffered their stroke an average of 10.7 years prior (SD=7.4, min=0.18, max=42.1). 

Ninety participants (43%) had an incident stroke, meaning that their stroke occurred between the 

baseline and brain imaging sessions. One participant did not report a stroke date, but was retained 

in the final sample. ICD-10 records indicated essential hypertension in 127 participants (61%), a 

diagnosis of aphasia in 13 participants (6%), and a diagnosis of hemiplegia in 29 participants 

(14%). Similar to other UK Biobank studies (Allen et al., 2020; Bycroft et al., 2018), the majority 

of participants identified as white (98%). Additional demographic data can be found in Table 1.3.  

ICD-10 records of a stroke were available for 141 participants, of whom 105 had an 

ischemic stroke (74%), 8 had a hemorrhagic stroke (6%), 4 had a subarachnoid hemorrhage (3%), 

1 had ischemic and hemorrhagic strokes (<1%), 1 had hemorrhagic and subarachnoid hemorrhagic 

strokes (<1%) and 22 had unspecified strokes (16%). Stroke lesion volume was highly skewed 

(M=14.50 cm3, SD=29.81 cm3, median=4.54 cm3, IQR=11.85 cm3, skewness=4.4, kurtosis=26.1) 
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as the majority of strokes were small. Therefore, voxel-wise lesion overlap among participants was 

minimal (Figure 1.6). Because lesion symptom mapping involves restricting analysis to voxels 

with at least 10 participants exhibiting damage, the analysis would have been too limited for 

interpretation. Specifically, lesion symptom mapping would have been restricted to only 339 gray 

matter voxels (0.25%) across right and left cortical and subcortical regions and 2,229 white matter 

voxels (3.56%) according to overlap with Harvard-Oxford 25% tissue probability maps. 

Forty-two participants had a stroke affecting right hemisphere regions of interest and 45 

participants had a stroke affecting left hemisphere regions of interest. The number of subjects with 

a stroke affecting each region of interest were comparable between right and left hemisphere (right 

IFG=30, left IFG=26, right AI=25, left AI=25, right pSTG/STS=18, left pSTG/STS=15).  

 

Table 1.3. Participant demographics. [a] Number in household includes the participant; [b] Fluid 

intelligence score (collected at the brain imaging session) was available for n=171 participants. 

Variable  

N 209 

Sex 140M, 69F (67% Male) 

Age, M (SD) 68.9 (6.9) 

Age at stroke, M (SD) 58.8 (10.1) 

Source of stroke report  
      Self-report 71 (34%) 

      Hospital admission 138 (66%) 

Race (White/ Other/ No answer) 202/6/1 (98% White) 

Handedness (R/L/B) 189/17/3 (90% R) 

Household income  
      <18,000 38 (18%) 

      18,000-31,000 57 (27%) 

      31,000-52,000 59 (28%) 

      52,000-100,000 30 (14%) 

      >100,000 8 (4%) 

      Don’t know/ No answer 17 (8%) 

Number in household [a] 1.9 (0.7) 

Fluid intelligence score[b] (0-12), M (SD) 6.1 (2.2) 

Lesion volume cm3, M (SD) 14.5 (29.8) 
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Figure 1.6. Lesion overlap map. Lesion coverage of (a) right and (b) left hemisphere. Sagittal 

slices are shown from x=±40 to x=±8 in 8mm steps. Maximum overlap is 21 participants; n=209. 

 

PCA of social measures 

 The PCA generated two factors that explained 53.2% of the variance in the six social 

connectedness items. Use of PCA was validated by the Kaiser-Meyer-Olkin measure of sampling 

adequacy (KMO=0.68) and Bartlett’s test of sphericity (χ2=147.263, d.f.=15, p<.001). Based on 

the item loadings (Table 1.4), we interpret the first rotated component as perceived social 

connectedness (satisfaction with relationships, emotional support, and low-loneliness), which 

explained 32.2% of the variance, and the second component as frequency of social activity, which 

explained 21.0% of the variance.   

 

Table 1.4. Varimax rotated loadings for PCA of social measures. 

  

Component 1 

(social connectedness) 

Component 2 

(social activity) 

Family relationship satisfaction .58 .05 

Friendship satisfaction .42 .34 

Able to confide .45 .03 

Loneliness .53 -.31 

Freq friend/family visits .04 .63 

Weekly social activities -.08 .62 
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Relation between stroke lesion location and social connectedness 

 Relative to participants whose lesions spared the right hemisphere regions of interest, 

participants who had a stroke affecting right pSTG/STS, right IFG, or right AI exhibited lower 

perceived social connectedness (right ROI damage: M=-0.39, SD=0.23, n=42, no right ROI 

damage M=0.10, SD=0.10, n=167; t(207)=2.05, p=.041), but no significant difference in social 

activity (right ROI damage: M=-0.16, SD=0.16, n=42, no right ROI damage M=0.04, SD=0.09, 

n=167; t(207)=1.06, p=.288). Participants with strokes affecting any left hemisphere region of 

interest did not significantly differ from participants whose lesions spared these regions in terms 

of perceived social connectedness (left ROI damage: M=-0.14, SD=0.16, n=45, no left ROI 

damage M=0.04, SD=0.11, n=164; t(207)=0.77, p=.442), or social activity (left ROI damage: 

M=0.06, SD=0.14, n=45, no left ROI damage M=-0.02, SD=0.09, n=164; t(207)=0.39, p=.697).  

Next, we set perceived social connectedness as the dependent variable in a multiple linear 

regression to examine whether age, sex, number of people in a participant’s household, lesion size, 

stroke-related motor weakness, or fluid intelligence variables might play a role in explaining the 

effect of right hemisphere damage. We first included age, sex (0=female, 1=male), number of 

individuals in the household, total lesion volume, and separately coded participants for having a 

stroke lesion that affected right or left ROIs (0=no, 1=yes). Due to skew, total lesion volume (cm3) 

was log transformed. In subsequent steps, stroke-related motor weakness (contralateral grip 

strength) and fluid intelligence scores were entered, which reduced the sample size to 201 and 166, 

respectively, due to missing data. Age, number of individuals in household, and fluid intelligence 

scores were mean centered.  

Damage to right hemisphere regions of interest remained significantly associated with 

lower perceived social connectedness after accounting for all covariates (Table 1.5). On average, 
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damage to these right hemisphere regions was associated with a 0.58 standard deviation reduction 

in connectedness. No association was observed for damage to left hemisphere regions of interest. 

Having fewer individuals in the household was associated with reduced connectedness and a 

trending positive relationship emerged between fluid intelligence and connectedness. Using the 

same variables to predict social activity resulted in a model that was not significant and confirmed 

no relationship with damage to right or left regions of interest (Table 1.6).  

  In a second, more conservative test, the stroke-related motor weakness covariate was 

replaced with the number of minutes a participant reported walking on average each day. This 

variable provides a general index of overall activity rather than stroke-specific motor impairment, 

which may explain additional variation in social connectedness due to physical isolation (less 

walking). Including the walking duration variable reduces the predictive effect of right hemisphere 

region of interest damage to a trending relationship (p=.090; Step 2, Table 1.7), though upon 

including the fluid intelligence variable in the final step, damage to right hemisphere regions of 

interest again showed a significant association with perceived social connectedness (p=.039; Step 

3, Table 1.7). When accounting for all covariates in this more conservative model, damage to right 

hemisphere regions of interest was associated with a 0.40 standard deviation reduction in 

connectedness, which a suest test indicated was not significantly different from the less 

conservative model (χ2=2.11, p=.146). Testing this more conservative model on social activity 

again confirmed no relationship with damage to right or left regions of interest (Table 1.8).
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 Table 1.5. Linear regression predicting perceived social connectedness. *p<.05, **p<.01, ***p<.001. 

 Step 1 Step 2 Step 3 

 b 95% CI p b 95% CI p b 95% CI p 

Constant 0.23 [-0.13, 0.59]  0.23 [-0.15, 0.60]  0.29 [-0.10, 0.68]  

Age 0.02 [-0.01, 0.05] .215 0.02 [-0.01, 0.05] .245 0.02 [-0.01, 0.05] .164 

Sex -0.25 [-0.64, 0.15] .224 -0.26 [-0.67, 0.15] .214 -0.19 [-0.62, 0.24] .385 

N household 0.65 [0.36, 0.94] <.001*** 0.66 [0.36, 0.97] <.001*** 0.63 [0.32, 0.95] <.001*** 

Lesion volume 0.07 [-0.06, 0.21] .272 0.08 [-0.06, 0.22] .241 0.03 [-0.12, 0.18] .721 

Left ROI damage -0.18 [-0.66, 0.30] .453 -0.24 [-0.75, 0.28] .365 0.01 [-0.55, 0.58] .960 

Right ROI damage -0.71 [-1.22, -0.21] .005** -0.67 [-1.19, -0.14] .014* -0.81 [-1.37, -0.25] .005** 

Motor weakness    -0.08 [-0.26, 0.09] .351 -0.06 [-0.24, 0.13] .538 

Fluid intel.       0.09 [0.00, 0.18] .053 

R2   .114***   .116***   .150** 

ΔR2      .002   .034 
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Table 1.6. Linear regression predicting social activity. *p<.05, **p<.01, ***p<.001. 

 Step 1 Step 2 Step 3 

 b 95% CI p b 95% CI p b 95% CI p 

Constant 0.33 [0.03, 0.63]  0.31 [0.00, 0.62]  0.34 [0.00, 0.69]  

Age 0.03 [0.00, 0.05] .034* 0.02 [0.00, 0.05] .041* 0.03 [0.00, 0.05] .064 

Sex -0.42 [-0.75, -0.09] .013* -0.39 [-0.73, -0.05] .024* -0.32 [-0.70, 0.06] .102 

N household -0.04 [-0.28, 0.20] .764 -0.03 [-0.28, 0.22] .819 0.00 [-0.28, 0.28] .999 

Lesion volume -0.01 [-0.12, 0.10] .796 -0.04 [-0.16, 0.07] .446 -0.07 [-0.20, 0.06] .274 

Left ROI damage 0.04 [-0.36, 0.44] .830 0.02 [-0.40, 0.45] .912 0.03 [-0.46, 0.52] .905 

Right ROI damage -0.20 [-0.62, 0.21] .336 -0.16 [-0.59, 0.28] .475 -0.07 [-0.56, 0.43] .789 

Motor weakness    -0.08 [-0.23, 0.06] .243 -0.07 [-0.23, 0.09] .411 

Fluid intel.       -0.08 [-0.16, 0.00] .054 

R2   .056   .070   .091 

ΔR2      .014   .021 
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Table 1.7. Linear regression predicting perceived social connectedness adjusting for walking duration. *p<.05, **p<.01, ***p<.001. 

 Step 1 Step 2 Step 3 

 b 95% CI p b 95% CI p b 95% CI p 

Constant 0.23 [-0.13, 0.59]  0.26 [-0.09, 0.62]  0.36 [0.00, 0.73]  

Age 0.02 [-0.01, 0.05] .215 0.01 [-0.01, 0.04] .332 0.01 [-0.02, 0.04] .393 

Sex -0.25 [-0.64, 0.15] .224 -0.33 [-0.73, 0.07] .104 -0.36 [-0.78, 0.05] .084 

N household 0.65 [0.36, 0.94] <.001*** 0.72 [0.42, 1.01] <.001*** 0.68 [0.37, 0.98] <.001*** 

Lesion volume 0.07 [-0.06, 0.21] .272 0.06 [-0.07, 0.19] .362 0.03 [-0.11, 0.17] .644 

Left ROI damage -0.18 [-0.66, 0.30] .453 -0.14 [-0.63, 0.34] .560 0.12 [-0.41, 0.64] .656 

Right ROI damage -0.71 [-1.22, -0.21] .005** -0.44 [-0.94, 0.07] .090 -0.56 [-1.09, -0.03] .039* 

Walking duration    0.00 [0.00, 0.01] .149 0.00 [0.00, 0.01] .163 

Fluid intel.       0.10 [0.02, 0.19] .020* 

R2   .114***   .140***   .190*** 

ΔR2      .026   .050 
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Table 1.8. Linear regression predicting social activity adjusting for walking duration. *p<.05, **p<.01, ***p<.001. 

 

 

 

 

 

 

 

 Step 1 Step 2 Step 3 

 b 95% CI p b 95% CI p b 95% CI p 

Constant 0.33 [0.03, 0.63]  0.31 [0.01, 0.61]  0.32 [-0.01, 0.65]  

Age 0.03 [0.00, 0.05] .034* 0.03 [0.01, 0.06] .011* 0.03 [0.00, 0.06] .024* 

Sex -0.42 [-0.75, -0.09] .013* -0.36 [-0.70, -0.02] .039* -0.26 [-0.63, 0.12] .178 

N household -0.04 [-0.28, 0.20] .764 0.07 [-0.18, 0.32] .584 0.14 [-0.13, 0.42] .306 

Lesion volume -0.01 [-0.12, 0.10] .796 0.00 [-0.11, 0.11] .970 -0.04 [-0.17, 0.09] .546 

Left ROI damage 0.04 [-0.36, 0.44] .830 -0.05 [-0.46, 0.36] .805 -0.10 [-0.57, 0.38] .692 

Right ROI damage -0.20 [-0.62, 0.21] .336 -0.26 [-0.69, 0.16] .228 -0.23 [-0.71, 0.25] .345 

Walking duration    0.00 [0.00, 0.01] .060 0.00 [0.00, 0.01] .094 

Fluid intel.       -0.08 [-0.16, 0.00] .043* 

R2   .056   .075*   .111* 

ΔR2      .019   .036 
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The regression model predicting perceived social connectedness was then repeated three 

times to evaluate the role of damage to each region separately. These analyses applied Bonferroni 

correction for six comparisons (three right and three left hemisphere regions). In the full models, 

results indicated that strokes affecting right AI, but not left AI, were associated with reduced 

perceived connectedness (puncorr=.005; pcorr=.030; Table 1.9). There was a trending association 

between damage to right IFG and lower perceived connectedness, which did not survive correction 

for multiple comparisons (puncorr=.064; pcorr=.384; Table 1.10). No significant relationship was 

observed for damage to right or left pSTG/STS (all puncorr>.125; Table 1.11). 
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 Table 1.9. Linear regression predicting perceived social connectedness from AI damage. *p<.05, **p<.01, ***p<.001. 

 Step 1 Step 2 Step 3 

 b 95% CI p b 95% CI p b 95% CI p 

Constant 0.22 [-0.14, 0.57]  0.21 [-0.16, 0.58]  0.26 [-0.13, 0.65]  
Age 0.02 [-0.01, 0.05] .214 0.02 [-0.01, 0.04] .265 0.02 [-0.01, 0.05] .156 

Sex -0.25 [-0.65, 0.15] .214 -0.26 [-0.67, 0.15] .210 -0.17 [-0.60, 0.26] .442 

N household 0.66 [0.37, 0.95] <.001*** 0.67 [0.37, 0.97] <.001*** 0.65 [0.33, 0.96] <.001*** 

Lesion volume 0.06 [-0.07, 0.18] .356 0.06 [-0.06, 0.19] .322 0.00 [-0.14, 0.15] .951 

Left AI damage -0.26 [-0.84, 0.32] .380 -0.34 [-0.93, 0.26] .263 -0.05 [-0.70, 0.60] .877 

Right AI damage -0.87 [-1.46, -0.28] .004** -0.82 [-1.44, -0.20] .010* -1.00 [-1.7, -0.31] .005** 

Motor weakness    -0.09 [-0.26, 0.07] .275 -0.09 [-0.27, 0.08] .300 

Fluid intel.       0.09 [0.00, 0.18] .043* 

R2   .118***   .122***   .153*** 

ΔR2      .004   .031* 
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Table 1.10. Linear regression predicting perceived social connectedness from IFG damage. *p<.05, **p<.01, ***p<.001. 

 Step 1 Step 2 Step 3 

 b 95% CI p b 95% CI p b 95% CI p 

Constant 0.18 [-0.18, 0.54]  0.17 [-0.2, 0.55]  0.24 [-0.16, 0.63]  

Age 0.02 [-0.01, 0.05] .201 0.02 [-0.01, 0.05] .254 0.02 [-0.01, 0.05] .151 

Sex -0.24 [-0.64, 0.16] .236 -0.25 [-0.67, 0.16] .233 -0.18 [-0.62, 0.26] .426 

N household 0.64 [0.35, 0.93] <.001*** 0.65 [0.35, 0.96] <.001*** 0.62 [0.30, 0.94] <.001*** 

Lesion volume 0.06 [-0.08, 0.20] .397 0.06 [-0.08, 0.20] .405 0.01 [-0.14, 0.17] .856 

Left IFG damage -0.14 [-0.76, 0.48] .651 -0.14 [-0.79, 0.52] .685 -0.08 [-0.78, 0.62] .823 

Right IFG damage -0.65 [-1.23, -0.06] .030* -0.59 [-1.20, 0.02] .060 -0.67 [-1.34, 0.01] .052 

Motor weakness    -0.09 [-0.26, 0.08] .308 -0.09 [-0.27, 0.09] .334 

Fluid intel.       0.09 [-0.00, 0.18] .056 

R2   .099**   .101**   .128** 

ΔR2      .002   .027 

 

 

 

 

 

 

 

 

 



 

  

6
3
 

Table 1.11. Linear regression predicting perceived social connectedness from pSTG/STS damage. *p<.05, **p<.01, ***p<.001. 

 Step 1 Step 2 Step 3 

 b 95% CI p b 95% CI p b 95% CI p 

Constant 0.16 [-0.20, 0.53]  0.15 [-0.22, 0.52]  0.21 [-0.19, 0.61]  

Age 0.01 [-0.01, 0.04] .321 0.01 [-0.02, 0.04] .372 0.02 [-0.01, 0.05] .264 

Sex -0.25 [-0.65, 0.16] .232 -0.25 [-0.67, 0.16] .230 -0.18 [-0.62, 0.26] .422 

N household 0.66 [0.36, 0.96] <.001*** 0.68 [0.36, 0.99] <.001*** 0.63 [0.30, 0.96] <.001*** 

Lesion volume 0.03 [-0.11, 0.16] .688 0.03 [-0.10, 0.17] .617 -0.02 [-0.17, 0.13] .757 

Left pSTG/STS 

damage 
0.12 [-0.63, 0.86] .757 0.00 [-0.77, 0.76] .993 0.19 [-0.68, 1.05] .674 

Right pSTG/STS 

damage 
-0.59 [-1.35, 0.17] .125 -0.55 [-1.35, 0.25] .179 -0.45 [-1.34, 0.44] .323 

Motor weakness    -0.10 [-0.27, 0.06] .221 -0.11 [-0.29, 0.07] .228 

Fluid intel.       0.09 [-0.00, 0.18] .063 

R2   .089**   .092**   .113* 

ΔR2      .003   .023 
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Surprisingly, total stroke lesion size exhibited no relationship with perceived social 

connectedness in the models. Using a non-parametric correlation test, we again found no relation 

between lesion volume and perceived connectedness (rho=-.053, p=.449) or with social activity 

(rho=-.076, p=.274). Additional pairwise correlations are reported in Table 1.12. Of note, stroke-

related motor weakness as measured by the contralateral grip strength variable was modestly 

associated with reduced social activity (rho=-.16, p=.022), but not perceived connectedness 

(rho=.00, p=.971), suggesting that it captured variance in motor deficits relevant to social activity 

engagement. 

 

 Table 1.12. Pairwise spearman correlations across participants. PCA1 represents perceived 

social connectedness and PCA2 represents social activity. n=209; *p<.05, **p<.01, ***p<.001. 

 

Incident stroke to right AI 

  Eighty-six participants suffered an incident stroke during the study and 11 had lesion 

damage affecting right AI. In an exploratory analysis, change scores of the six social outcome 

variables between baseline and brain imaging sessions were compared for participants who had an 

incident stroke affecting right AI versus participants who had an incident stroke not affecting right 

  

PCA1 PCA2 Age Sex  

N in 

house- 

hold 

Time 

since 

stroke 

Total 

lesion 

volume 

Motor 

weak-

ness 

Walk 

durat-

ion 

 

Fluid 

intel. 

 1 2 3 4 5 6 7 8 9 10 

1 -          

2 - -         

3 -.09 .09 -        

4 -.12 -.13 .17* -       

5 .32*** -.09 -.23** .08 -      

6 .04 -.01 .02 -.03 -.01 -     

7       -.05 -.08 .07 .08 -.05 .06 -    

8 .00 -.16* -.05 .09 .22** -.08 -.03 -   

9 .09 .12 -.01 -.09 .08 -.07 -.13 -.05 -  

10 .06 -.23** -.12 .06 .08 -.02 .12 .14 -.08 - 
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AI. Due to missing data, only a few participants had family/friend relationship satisfaction data at 

the baseline session (right AI damage: n=3, no right AI damage: n=13) and therefore PCA scores 

were not computed. 

Change in family relationship satisfaction was more negative for participants with an 

incident stroke affecting right AI (right AI damage: M=-0.75, SD=0.48, n=3; no right AI damage 

M=0.33, SD=0.22, n=13; t(14)=2.29, p=.038). Similar results were observed for change in 

friendship satisfaction (right AI damage: M=-1.00, SD=0.00, n=3; no right AI damage: M=0.25, 

SD=0.45, n=13; t(14)=5.40, p<.001). Changes in being able to confide in someone (right AI 

damage: M=-0.55, SD=0.51, n=11; no right AI damage M=-0.16, SD=0.23, n=70; t(79)=0.63, 

p=.530) and loneliness (right AI damage: M=0.06, SD=0.10, n=11; no right AI damage M=0.03, 

SD=0.10, n=74; t(83)=0.30, p=.768) were not significantly different. No differences emerged for 

change in social activity (right AI damage: M=0.09, SD=0.2, n=11; no right AI damage M=-.05, 

SD=0.09, n=75; t(84)=0.54, p=.588) or for frequency of friend/family visits (right AI damage: 

M=0.00, SD=0.33, n=11; no right AI damage M=0.01, SD=0.13, n=72; t(81)=0.03, p=.970). 

 

Discussion 

 

 In this sample of stroke survivors with diverse lesion locations and extents, we observed 

that damage to right hemisphere regions involved in empathy and emotion recognition (right IFG, 

AI, pSTG/STS) were associated with decreased perceived social connectedness. This effect was 

driven by lesions affecting right AI and persisted after adjusting for demographic, household, 

lesion extent, stroke-related motor weakness, and fluid intelligence variables. The relationship was 

specific to perceived social connectedness—which indexed participants’ satisfaction with 
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relationships, emotional support, and loneliness—and was not observed with reported amount of 

social activity. In a small subsample of individuals who had reported social connectedness data 

prior to suffering a stroke that impacted right AI, satisfaction with family relationships and 

friendships was reduced relative to individuals who had a stroke that did not impact right AI, 

providing preliminary support for a causal relationship. In combination, these observations point 

to a critical feature of right hemisphere stroke—their role in social decline. Gaining a better 

understanding of this decline is vital for future research, given the importance of staying socially 

connected during stroke recovery (Boden-Albala et al., 2005; Glass et al., 1993; Northcott et al., 

2016; Tsouna-Hadjis et al., 2000). 

 Despite prior evidence that left hemisphere stroke, and aphasia in particular, can lead to 

social isolation and psychosocial decline (Dvorak et al., 2021; Hilari & Northcott, 2006, 2017; 

Northcott et al., 2016), we found no evidence that damage to left pSTG/STS, left IFG, or left AI 

was associated with altered social activity or connectedness (participants diagnosed with aphasia 

also did not report lower functioning on any item; ps>.10). While communication is difficult in 

patients with left hemisphere stroke and aphasia, their impairments are clearly stroke related. It is 

possible that the social connections of these individuals may even work harder to communicate 

and spend time with them. On the contrary, empathic deficits after right hemisphere stroke may be 

misattributed to a lack of effort, apathy, or callousness—possibly resulting in family and friends 

being less likely to recognize the underlying cause is stroke-related and less motivated to stay 

emotionally connected. Prior work consistently demonstrates more impaired empathy and emotion 

recognition after right relative to left hemisphere stroke (Borod et al., 1998; Charbonneau et al., 

2003; Kucharska-Pietura et al., 2003; Urrutia et al., 2014; van den Berg et al., 2021; Witteman et 

al., 2011; Yuvaraj et al., 2013), and even suggests that explicit emotion training can be helpful 
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(Durfee et al., 2021b; Leon et al., 2005), but few studies investigate the real-world consequences 

of these impairments. The current research adds to this literature by revealing that strokes affecting 

right AI, a primary hub for empathy and emotional awareness, can lead to perceived social decline. 

AI is highly connected to salience processing and executive control areas and is thought to 

support the integration of emotional experiences (Chang et al., 2013; Craig, 2002, 2009; Gu et al., 

2013) including empathic experiences (Gu et al., 2012; Kanske et al., 2015; O’Connell et al., 2019; 

Zaki et al., 2016). One consideration for our AI results, however, is its proximity to major white 

matter pathways, which, for example, connect frontal, temporal and subcortical areas. It is possible 

that participants exhibiting damage to right AI also had white matter damage to these major tracts, 

but even so, a key observation is that results were specific to right hemisphere. There was a 

trending relationship between damage to right IFG and lower perceived social connectedness 

(which did not survive correction for multiple comparisons), but surprisingly no relationship with 

damage to right pSTG/STS. A recent review reported that strokes affecting right pSTG/STS are 

more often linked to emotion perception difficulties, whereas damage to right IFG and AI are more 

often associated with impaired emotional expression (Durfee et al., 2021a). Therefore, one 

interpretation of the current results is that stroke survivors who are unable to appropriately respond 

to others by using emotional cues of their own are most at risk for reduced perceived 

connectedness. Alternatively, because AI is also associated with the internal experience of emotion 

(Craig, 2009; Duerden et al., 2013; Gu et al., 2013), its damage may moderate stroke survivors’ 

ability to feel emotional or loving towards others, resulting in their lower perceived connectedness.   

Twenty-four percent of participants in the sample reported living alone. Across 

participants, having fewer individuals in the household was strongly predictive of reduced 

perceived social connectedness. This relationship is similarly observed in non-stroke samples 
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(Hodge et al., 2013; Parslow et al., 2011), and living alone is associated with increased mortality 

across older age (Holt-Lunstad et al., 2015). A study of more than 10,000 stroke survivors showed 

that living alone is associated with worse acute stroke treatment (e.g., increased latency to 

hospitalization; Reeves et al., 2014), which may also help explain the relationship between 

household composition and poor outcomes. Because the number of individuals living alone is 

increasing in many countries including the U.K. and U.S. (United Nations Department of 

Economic and Social Affairs, 2019), additional research is important to understand and ideally 

mitigate the adverse effects of living alone after stroke. 

One complication of adjusting for stroke-related motor weakness is that emotion perception 

involves motor and sensory simulation processes (Carr et al., 2003; de Waal & Ferrari, 2010). 

Patients with lesions affecting right somatosensory areas have emotion perception impairments 

that correlate with their somatosensory deficits (Adolphs et al., 2000). Thus, adjusting for stroke-

related motor impairment may reduce variance of interest in social outcomes. We tested the effect 

of two different covariates related to motor functioning: motor weakness of the contralateral hand, 

and duration of time spent walking each day. When including all covariates in the final models, 

the relationship between damage to right hemisphere regions of interest and reduced perceived 

connectedness remained significant using either motor functioning covariate. Moreover, neither 

motor functioning variable was significantly related to perceived social connectedness, although 

weakness was associated with reduced social activity. Importantly, our results showed that motor 

functioning was both unrelated to perceived social connectedness and did not explain its 

relationship with damage to right regions of interest.  

A few limitations should be noted. We were unable to perform lesion symptom mapping 

due to restricted lesion overlap coverage. Our lesion overlap map is similar to other large, scale 
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stroke research that does not recruit by specific behavioral deficit or stroke type (Bowren et al., 

2020; Corbetta et al., 2015). Strokes affecting the cortex, although the focus of most stroke 

research including here, account for only about 30% of strokes, while the majority are small 

subcortical impacts (Corbetta et al., 2015; Wessels et al., 2006). Future work could more closely 

investigate the relationship between small subcortical impacts and social decline, for example, by 

examining damage to relevant white matter paths. A few limitations should be noted about the UK 

Biobank dataset. First, representation of racial minorities is insufficient. Similar to other reports 

(Allen et al., 2020; Bycroft et al., 2018), 98% of our sample identified as white. In addition, 

comprehensive stroke medical records were not always available and more than 20% of ICD-10 

coded strokes did not specify stroke type. Defining stroke lesions based on brain imaging 10 or 

more years after the impact is a challenge and may have resulted in the exclusion of participants 

with small strokes that were not clearly identifiable. Lastly, the social activity variable was 

composed of only two items—frequency of family/friend visits and total number of weekly social 

activities. The limited scope of this measure may explain why no association was observed with 

lesion location, especially considering that past research (including STUDY 1A) suggests a 

potential link (Cooper et al., 2014; O’Connell et al., 2021a). This null result should be interpreted 

with caution, and improved measurements of social activity should be considered for inclusion in 

large, prospective cohort studies. 

In conclusion, this study ties damage to right-lateralized areas involved in empathy and 

emotion recognition to reduced perceived social connectedness after stroke. Specifically, we 

observed that strokes affecting right AI drove this perceived social decline. These findings are 

somewhat surprising given that social isolation is most commonly studied in the context of aphasia 

and left hemisphere stroke. Additional work could adapt recent optimizations in clinical stroke 
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rehabilitation (Dromerick et al., 2021) to investigate the potential real-world social implications of 

ameliorating empathic deficits after right hemisphere stroke.  
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STUDY 2: EFFECT OF A SOCIAL MEDITATION TRAINING IN HEALTHY ADULTS 

 

In neurologically healthy adults, large and supportive social networks are associated with 

good health and longevity (Arbaje et al., 2008; Berkman et al., 2000; Colantonio et al., 1993; Holt-

Lunstad et al., 2010; House et al., 1988; Mitchinson et al., 2008; Mookadam & Arthur, 2004; 

Reblin & Uchino, 2008; Stringhini et al., 2012) and improved psychological well-being (Cohen & 

Wills, 1985; Harker et al., 2016; Ozbay et al., 2007; Southwick et al., 2005), whereas isolation and 

loneliness are linked to deleterious effects on health (Adam et al., 2006; Berkman & Syme, 1979; 

Caspi et al., 2006; Cohen et al., 1997; Cole et al., 2007; Hawkley et al., 2006, 2014; Holt-Lunstad 

et al., 2015; Li & Xia, 2020; Pressman et al., 2005; Vogt et al., 1992; Walker et al., 2019; Yang et 

al., 2016). In 2017, more than half of Americans reported a desire for increased social support 

(American Psychological Association, 2017) and reports of loneliness have steadily increased over 

the past decade (Cigna, 2020; Smith et al., 2017).  

The ongoing COVID-19 pandemic has impacted the social lives of millions of Americans. 

In late 2020, a record 61% of U.S. young adults reported feeling “serious loneliness” (Weissbourd 

et al., 2021) and adults 18-49 years old report having the lowest levels of perceived connectedness 

during the pandemic (Clair et al., 2021). Between late 2020 and mid 2021, feelings of social 

isolation increased in U.S. adults, despite a decrease in reported physical distancing (Quintana et 

al., 2021). At the same time, public demand for access to meditation has surged (Lerman, 2020; 

The New York Times, 2021b). During this unique period of high stress, loneliness, and isolation, 

could a meditation intervention help improve social connectedness?  

Loving-Kindness Meditation (LKM) is a practice that engages a mindset of positivity, 

connectedness, empathy, and compassion for self and others (Salzberg, 1995). Prior studies 
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indicate LKM can increase perceived social connectedness (Fredrickson et al., 2008; Galante et 

al., 2014; Hutcherson et al., 2008; Mascaro et al., 2018) and engagement in affiliative behaviors 

such as prosociality (Condon et al., 2013; Galante et al., 2016). LKM also increases positive 

emotions (Fredrickson et al., 2008; Klimecki et al., 2013a; Kok et al., 2013; Robinson et al., 2017) 

and shows indications of reducing physiological stress (Jarczok et al., 2013; Kok et al., 2013; 

Thayer et al., 2012; Wren et al., 2019). While a multitude of individual studies report positive 

effects of LKM, meta-analyses suggest that the social effects of meditation in general (i.e., on 

connectedness, compassion, empathy, aggression and prejudice) are overstated (Kreplin et al., 

2018) and may not hold up when compared to an active control (Galante et al., 2014; Kreplin et 

al., 2018). Moreover, no prior study has tested whether LKM changes real-world social behavior. 

Thus, the overall effectiveness of LKM remains in question and entirely unknown in the context 

of COVID-19 social distancing. 

The first goal of this study (STUDY 2A) tests the impact of LKM relative to an active 

control on a comprehensive selection of social outcomes including: perceived social 

connectedness, amount of social activity, and engagement in real-world prosocial behavior. 

Assessments of COVID-19 local case rates and participant-reported social distancing are evaluated 

concurrently to assess how these factors may change over time or play a role in mediating 

outcomes. If LKM is effective as hypothesized, we posit that it will heighten motivation to seek 

out social contact and increase engagement in affiliative behaviors, which are known to be strongly 

positively reinforced (Carter & Keverne, 2009; Insel, 1992; Panksepp et al., 1980). We suggest 

these changes to social motivation and reinforcement will involve the feed forward system of 

affiliative behavior, which involves a cascade of neuropeptide signaling and associated social 

motivation and reward (see “The Brain Bases of Empathy and Affiliation”). This would be 
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expected to result in increased social activity, prosocial behavior, and heightened perceptions of 

social connectedness.  

The brain systems underlying affiliative behavior use endogenous opioid signaling to 

reinforce positive social behaviors. One reported consequence of this is reduced pain sensitivity 

being associated with affiliative behavior (Carter & Keverne, 2009; Cohen et al., 2010; Dunbar et 

al., 2012; Machin & Dunbar, 2011; Manninen et al., 2017; Nummenmaa et al., 2016) and social 

connectedness more generally (Allen et al., 2020; Johnson & Dunbar, 2016; Karayannis et al., 

2019; Osako et al., 2018). While the current trial uses an internet-based design and is unable to 

directly measure neural or physiological effects of LKM, STUDY 2B measures acute pain 

tolerance. If LKM increases pain tolerance, and if the effects are mediated by social benefits of 

meditation, the results would provide initial evidence for a directional relationship between social 

functioning and pain. 

Poor social support is consistently associated with increased pain in healthy and clinical 

populations (Cohen-Mansfield & Marx, 1993; Cohen & Wills, 1985; Evers et al., 2003; Forgeron 

et al., 2010; Holtzman et al., 2004; Keefe et al., 2002) and reduced pain tolerance is observed in 

individuals with fewer social connections (Johnson & Dunbar, 2016). On the other hand, social 

distress (e.g., acute isolation or feelings of exclusion) can exacerbate pain (Bernstein & Claypool, 

2012; Jaremka et al., 2013, 2014; Karayannis et al., 2019; MacDonald & Leary, 2005; Osako et 

al., 2018). These findings are particularly concerning because the number of close social 

relationships reported by Americans has decreased for decades (Mcpherson et al., 2006; Smith et 

al., 2017) while pain prevalence in the U.S. continues to rise (Nahin et al., 2019). However, the 

relationship between social functioning and pain has thus far been primarily linked by correlational 

or observational studies.  
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Three small intervention studies suggest a beneficial effect of LKM on pain, including 

reduced daily pain in chronic pain patients (Carson et al., 2005) and reduced pain during (Soo et 

al., 2016) and after (Wren et al., 2019) surgery in cancer patients. But although a major goal of 

LKM is to enhance feelings of social connectedness, and although research consistently links poor 

social connectedness with increased pain, it remains unknown whether LKM can improve pain 

outcomes through its social effects. Therefore, the goal of STUDY 2B is to test whether LKM 

improves acute pain experience and to examine whether such an effect may be mediated by 

changes to social behavior or connectedness.  

 

Study 2A – Effect of a Meditation Training on Social Behavior and Connectedness 

 

Introduction 

 

 Meditation practice is relatively effective at relieving a range of psychological stressors 

(Hofmann et al., 2010; Khoury et al., 2013) and has been widely used across clinical and non-

clinical populations (Favre et al., 2021; Kuyken et al., 2015; McClintock et al., 2019; Piet & 

Hougaard, 2011). During the COVID-19 pandemic, demand for access to meditation has soared 

(Lerman, 2020; The New York Times, 2021b), which corresponds to an increase in social isolation 

and loneliness that lingers throughout 2020 and 2021 (Clair et al., 2021; Quintana et al., 2021; 

Weissbourd et al., 2021). Can LKM help? 

 LKM is a practice designed to increase feelings of connectedness with others. Intensive 

LKM training is associated with increased positive affect and other-focused thought (Kok & 

Singer, 2017b) and increased activity of a right-lateralized network of brain regions including IFG 
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and pSTG/STS in response to empathy-inducing pictures (Favre et al., 2021). Similarly, expert 

LKM meditators exhibit increased engagement of right pSTG/STS and right AI while practicing 

(Lutz et al., 2008), suggesting that LKM may heighten neural empathic sensitivity. LKM is 

additionally associated with increased perceived social connectedness (Fredrickson et al., 2008; 

Hutcherson et al., 2008; Kok & Singer, 2017a; Mascaro et al., 2018; Shonin et al., 2015), and 

laboratory-based prosociality (Condon et al., 2013; Galante et al., 2016; Weng et al., 2013). 

However, little remains known about its effects on real-world social behavior. A few reports in 

medical professionals report improvements to patient interactions after LKM training (Chen et al., 

2021; Weingartner et al., 2019)—but examination of changes to daily social activity and 

ecologically-valid prosocial behavior are needed. Given the context of the COVID-19 pandemic, 

this study assesses changes to in-person and non-in-person social activity (e.g., talking on the 

phone, texting, and video chat). 

 Meditation trainings administered remotely show efficacy. Several reviews find that 

internet-based meditations are effective at improving mental health and medical outcomes (Fish et 

al., 2016; Heber et al., 2017; Lippmann et al., 2019; Lyzwinski et al., 2018; Spijkerman et al., 

2016; Toivonen et al., 2017). Approximately 40% of studies testing the impact of meditation on 

social outcomes use pre-recorded audio or online instruction, though typically in combination with 

in-person group practice (Kreplin et al., 2018). Use of online-only trainings is rarely applied for 

LKM. Galente and colleagues reported that, compared to an light exercise control, online LKM 

was associated with reduced anxiety and increased prosocial decision making in a U.S. and U.K. 

sample, though the study suffered extremely high attrition (only 71 of the 409 participants assigned 

to LKM completed the study; Galante et al., 2016). One investigation in COVID-19 healthcare 

workers tested an internet-based “heartfulness” meditation training, which cultivated self-oriented 
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compassion, and showed significant reduction in loneliness and sleep disturbances (Thimmapuram 

et al., 2021). Internet-based meditation provides several advantages. There is a low-barrier to entry 

for people with internet access, it is relatively easier to conduct replication studies using pre-

recorded trainings, and it is in line with participant preference (Krieger et al., 2016). These 

advantages are especially applicable during the COVID-19 pandemic. 

 STUDY 2A was designed to help close two major gaps in knowledge. First, can a 4-week 

online administration of LKM during the COVID-19 pandemic replicate prior work showing the 

effectiveness of this technique on perceived social connectedness? The second gap in knowledge 

pertains to whether LKM alters actual amount of social activity or real-world prosocial behavior. 

Examining these questions in the context of the COVID-19 pandemic—a period of high social 

disconnect for adults 18-50 (Clair et al., 2021; Weissbourd et al., 2021)—adds a level of 

complexity, but also increases the investigation’s novelty and potential for impact. Variables 

related to the COVID-19 pandemic, such as local county COVID-19 case rate and self-reported 

social distancing, are therefore considered alongside social outcomes. Lastly, to mitigate positive 

expectation biases, this study compared LKM to an active control meditation training (Progressive 

Muscle Relaxation; PMR), which is known to be effective for reducing anxiety (Manzoni et al., 

2008), but has shown no effect on important social measures such as belongingness (Aspy & 

Proeve, 2017; Cougle et al., 2020).  

 

Methods 

 

Data collection was conducted between December 4th 2020 and July 6th 2021 using online 

video chat (Zoom.us), phone calls, email communications, and Qualtrics surveys. The study was 
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registered as a clinical trial (NCT04632875; https://clinicaltrials.gov/ct2/show/NCT04632875) 

and primary hypotheses were pre-registered (https://osf.io/hz3nv/). 

 

Participants 

 Healthy adults were recruited using the ResearchMatch Database, ClinicalTrials.gov, 

online advertising (Reddit), electronically-distributed flyers, and word-of-mouth. Participants 

were required to reside within the U.S., which was confirmed using geolocation data. An initial 

phone screening excluded participants reporting any current psychological disorder, current use of 

psychoactive medication, current or past neurological condition, chronic pain (including any low-

back pain, joint pain, or migraines >1x/month), regular use of pain-relieving drugs (>1x/week), 

experience with any type of meditation (>3 online or in-person sessions), or experience with yoga 

(practiced >1x/month in the past year). All participants were between the ages of 18-55 and 

reported interest in trying meditation. Short descriptions of the LKM and PMR practices were 

provided during the phone screen and eligible participants were aware they would be randomly 

assigned to one type of meditation. All participants reported having internet access, being able to 

join a Zoom session with video, and having sufficient time to participate in the meditation. 

All study procedures were carried out in accordance with a protocol approved by the 

Institutional Review Board at Georgetown University in Washington, DC, and subjects provided 

written informed consent prior to testing via DocuSign. Seventy-five adults were enrolled in the 

trial and the final sample included 69. Six participants did not complete the study; n=1 due to an 

inability to follow instructions in the baseline session; n=5 were unable to be contacted for follow-

up (3 females and 1 male assigned to LKM; 1 female assigned to PMR; they completed 13, 12, 0, 

https://clinicaltrials.gov/ct2/show/NCT04632875
https://osf.io/hz3nv/
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0 and 1 meditation sessions, respectively). Participants were compensated $90.00 for completing 

the study (approx. $10/hr). 

 

Trial design 

Participants completed baseline and follow-up Zoom testing sessions, which included 

completing questionnaires on Qualtrics that assessed perceived social connectedness. Subjects 

then completed five consecutive days of daily online surveys (experience sampling) to assess real-

world behaviors including social activity, prosocial behavior, and COVID-19-related behavior. 

After the baseline data collection, participants were randomly assigned to either four weeks of 

LKM or four weeks of PMR. Random assignment used block stratified randomization to ensure 

equal allocation by gender and age group (<30 years or ≥30 years of age). A schematic of the trial 

design is provided in Figure 2.1. 

 

 

Figure 2.1. Trial design. Eligible participants completed a baseline testing session on Zoom 

followed by five consecutive days of daily experience sampling. Participants then completed four 

weeks of meditation (randomized to LKM or PMR) followed by a second Zoom testing session 

and additional daily experience sampling.  

 



 

 79 

Online LKM or PMR training began within one week of completing the first set of 

experience sampling measurements, based on participant preference. The meditation training 

involved distribution of six 15-minute meditation sessions per week for four weeks, totaling 360 

minutes of LKM or PMR. Each session involved listening to a pre-recorded, guided meditation 

audio file through Qualtrics, which enabled real-time tracking of each session’s duration and 

completion status. Participants could complete the meditation sessions on a computer, tablet, or 

smartphone. Email reminders with the meditation link were sent six days per week on a schedule 

selected by the participant. Subjects were scheduled to complete the follow-up Zoom session 

within one week of the final meditation session, which was then followed by another five 

consecutive days of daily experience sampling. 

 

Loving Kindness Meditation (LKM) 

The LKM meditation program was created by LKM expert, Sharon Salzberg (Salzberg, 

1995), who has more than 40 years of experience teaching meditation. The goal of LKM is to 

generate a psychological state in which, “an unconditional feeling of loving-kindness and 

compassion pervades the whole mind as a way of being, with no other consideration, or discursive 

thoughts” (Lutz et al., 2008). A 12-minute LKM introduction was included prior to the first 

meditation session, which explained the goals of the practice and provided practical 

recommendations for novice meditators (i.e., to sit or lay down comfortably and keep eyes closed). 

New guided meditations were introduced every three sessions. LKM sessions were aimed at 

progressively expanding feelings of empathy, closeness and connection toward: 1) the self, 2) a 

benefactor, 3) a neutral person, 4) a friend, 5) a distant friend, 6) a difficult person, 7) a group of 

individuals, and 8) all beings. After generating a clear image of the person(s) of focus, participants 
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were guided to offer them wishes of loving-kindness for well-being, safety, happiness, health and 

peace.  

 

Progressive Muscle Relaxation (PMR) 

The active control meditation training consisted of 4-weeks of online Progressive Muscle 

Relaxation (PMR; Diesmann, 2013; Jacobson, 1987), which has previously been used for 

comparison with LKM due to its non-social nature (Aspy & Proeve, 2017; Finlay-Jones et al., 

2020). Each PMR meditation session involved listening to a 15-minute pre-recorded, guided audio 

meditation and six sessions were provided per week with new topics introduced every three 

sessions. A four-minute PMR introduction was included prior to the first session, which explained 

the goals of the practice and provided practical recommendations for novice meditators. PMR 

sessions were aimed at progressively expanding focus on different parts of the body: 1) hands and 

arms, 2) face, 3) head, neck and shoulders, 4) abdomen and buttocks, 5) legs and feet, 6) all upper 

body, 7) all lower body, and 8) whole body. The PMR scripts were read by a female, professional 

guided meditation narrator.  

 

Perceived social connectedness: Social support  

 The 12-item Interpersonal Social Evaluation List (ISEL-12) assessed perceived social 

connectedness (Cohen et al., 1985, 1997). This form combines several aspects of social support 

including belongingness, emotional support, practical support. Example items included “When I 

need suggestions on how to deal with a personal problem, I know someone I can turn to”, and “If 

I were sick, I could easily find someone to help me with my daily chores.” Items are scored on a 4-

point scale (0 = “Definitely False” to 3 = “Definitely True”) and six items are reverse scored. 
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ISEL-12 total scores, which range from 0-36, exhibit excellent reliability (Chronbach’s alpha = 

0.80-0.90; Cohen, 2008; Hawkley et al., 2009). 

 

Perceived social connectedness: Loneliness  

 The 20-item UCLA Loneliness Scale-Version 3 (UCLA v3) assessed feelings of loneliness. 

Example items include “How often do you feel that you lack companionship?”, “How often do you 

feel that your relationships with others are not meaningful?”, and “How often to you feel close to 

people?” (reverse scored). Items are scored on a 4-point scale (1 = “Never” to 4 = “Always”) and 

nine items are reverse scored. UCLA v3 total scores, which range from 20-80, show excellent 

reliability (Cronbach’s alpha = 0.89-0.94; Russell, 1996). 

 

Anxiety 

Because the designed intent of PMR meditation is to reduce anxiety (Jacobson, 1987), we 

also measured anxiety. We used the Spielberger Trait Anxiety Inventory (STAI-Y2; Spielberger, 

1983, 2010), which is the most commonly used instrument in relaxation training research 

(Manzoni et al., 2008). The STAI-Y2, is a 20-item scale that measures how anxious respondents 

generally feel (i.e., trait anxiety) with example items including, “I feel nervous and restless”, “I 

lack self confidence”, and “I worry too much over something that really doesn’t matter.” Items 

are scored on a 4-point scale and nine items are reverse scored. STAI-Y2 total scores, which 

range from 20-80, show excellent reliability (Chronbach’s alpha = 0.86-0.95; Spielberger, 1983; 

Tluczek et al., 2009).  
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Experience sampling 

Daily experience sampling surveys were distributed by email at 7:00 pm local time. 

Participants were instructed to complete the survey just before going to sleep each evening and 

answer questions related to their behavior that day. Experience sampling always included 3 

weekdays and 2 weekend days. Surveys assessed social activity, prosocial behavior, and COVID-

19-related factors. 

 

Experience sampling: Social activity 

Measures of social activity were adapted from prior work (Baum & Edwards, 2008; 

Hughes et al., 2013). Items separately measured amount of time engaged in in-person social 

activities and non-in-person social activities. Seven items assessed in-person social activity and 

inquired about face-to-face conversations with: a spouse or partner, a family member, a close 

friend, others at a religious service, others at a group meeting, colleagues or co-workers, and 

strangers. Four items assessed non-in-person social activity and inquired about spending time: 

talking on the phone, texting or e-mail messaging, talking on video chat, and being on social media. 

Non-in-person items explicitly asked subject to indicate only their time spent for non-work 

purposes. Items were scored on a 6-point scale: 0 = “Didn’t do this” / “Didn’t have this contact”, 

1 = “Less than 30 minutes”, 2 = “30-59 minutes”, 3 = “1-1.5 hours”, 4 = “1.5-2 hours”, 5 = “Over 

2 hours.” Average responses were calculated over the five survey days and total scores therefore 

ranged between 0-5 for both in-person and non-in-person social activity. 

These surveys additionally inquired about time spent exercising (for use in STUDY 2B). 

Items inquired about time spent engaged: in “low-intensity physical activity (walking, stretching)” 

and in “moderate-high intensity physical activity (running, swimming, lifting)”. Response options 
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used the same 6-point scale as the social activity measures. Scores for total average amount of 

daily exercise ranged between 0-5. 

 

Experience sampling: Prosocial behavior 

Daily prosocial behaviors were measured using a previously validated checklist (Morelli 

et al., 2014; Vekaria et al., 2020). This checklist consists of 11 items originally adapted from the 

Self-Report Altruism Scale (Rushton et al., 1981). Items asked whether participants engaged in 

specific helping behaviors such as, “picked up a fallen object for someone”, “held open a door”, 

“asked someone if they needed help”, “helped with work/schoolwork.” For whom each action was 

directed toward (i.e., a family member, a friend, an acquaintance, or a stranger) was also measured. 

Following prior work, items were presented in a random order for each survey (Morelli et al., 

2014; Vekaria et al., 2020). Total count of prosocial helping activities was organized per day so 

that an average daily prosocial behavior count was calculated for baseline and follow-up. For 

example, if a participant indicated they held open a door for a stranger and a friend every day they 

completed the survey, their average score would equal 2.  

 

Experience sampling: COVID-19 related variables 

Local COVID-19 severity was assessed using county-level data based on the geolocation 

of each experience sampling survey. Specifically, the seven-day rolling county average of COVID-

19 case rate (per 100,000) was obtained for each participant and each day using New York Times 

COVID-19 data (The New York Times, 2021a). From this, an average score was calculated to 

provide a subject-specific, local COVID-19 severity score at baseline and follow-up. 
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Social distancing behaviors were measured by response to the question, “How much did 

you socially distance today?”, which used a visual analogue scale (VAS) from 0 = “No social 

distancing” to 100 = “Maximal social distancing.” Scores for total average amount of social 

distancing ranged between 0-100. 

 

Statistical analysis 

We applied an intention-to-treat approach that included all participants’ data, regardless of 

completion status for meditation. Data analysis was carried out using STATA 15. All hypothesis 

tests were two-tailed and used a 5% significance level. Group comparisons of baseline data use t-

tests for continuous variables and chi-squared analysis for categorical data. Baseline correlational 

analyses employ Spearman’s rank correlation.  

The main hypotheses, which test for an effect of meditation on social connectedness, social 

activity, and prosocial behavior, employ longitudinal linear mixed models. Each model tested for 

effects of group, time, and the group x time interaction term and allowed random intercepts for 

participants. The influence of including the time-varying COVID-19 severity and social distancing 

variables were also examined. 

 

Results 

 

Participants in both groups completed a similar numbers of meditation sessions on average 

(LKM: M=87.6%, SD=22.4%; PMR: M=88.3% SD=16.6%; t(67)=0.15, p=.881). The number of 

days between baseline and follow-up was also similar between groups (LKM: M=36.88, SD=2.69; 

PMR: M=36.51 SD=3.61; t(67)=0.48, p=.634). No baseline group differences were observed for 
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social connectedness, social activity, prosocial behavior, local COVID-19 severity, or social 

distancing (see Table 2.1). 

 

Table 2.1. Baseline characteristics of the final sample. One participant did not report race; [a] 

ISEL-12 scores from a selection of studies in U.S. adults not during COVID-19 show typical 

M=28.8 SD=5.7 (Cohen, 2008);  [b] UCLA v3 scores from a panel survey of 20,096 U.S. adults not 

during COVID-19 show M=44.0, SD=12.8 (Bruce et al., 2019); [c] Average daily prosocial counts 

in typical U.S. adults using the same survey are M=2.47, SD=1.39 (Morelli et al., 2014). 

Variable LKM PMR p 

N 34 35  

Age 30.2 (8.9) 31.7 (9.2) .518 

Gender, f/m (%f) 22/12 (65%) 22/13 (63%) .873 

Race   .459 

    White 19 24  

    Asian 8 7  

    Black/ AA 2 3  

    Other/ Multi 4 1  

Physical exercise (0-5) 1.12 (0.52) 1.04 (0.66) .586 

COVID-19 social distancing (0-100) 59.06 (31.06) 59.39 (28.44) .711 

Local COVID-19 severity (cases per 100k) 23.2 (14.3) 29.2 (24.6) .223 

Perceived connectedness    

Social support (ISEL-12) [a] 28.5 (6.8) 28.4 (4.8) .944 

Loneliness (UCLA v3) [b] 39.3 (12.8) 37.6 (8.5) .505 

Social activity    

Social activity (in-person) 0.83 (0.49) 0.91 (0.46) .499 

Social activity (non-in-person) 1.77 (0.78) 1.44 (0.76) .082 

Prosocial behavior [c] 3.34 (2.20) 2.54 (1.88) .108 

 

Perceived social connectedness  

  Contrary to hypotheses, LKM was associated with reduced social support (ISEL-12) at 

follow-up, relative to PMR (group x time: b = -1.86, z = -2.20, p = .028; Figure 2.2a). No main 

effect was observed for group (b = -0.22, z = -0.17, p = .868) or time (b = 0.85, z = 1.43, p = .153). 

Loneliness (UCLA v3) decreased between sessions (b = -3.26, z = -2.96, p = .003; Figure 2.2b) 
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and there was a trending effect for the group x time interaction term (b = 3.02, z = 1.93, p = .054) 

indicating a greater reduction in loneliness after PMR relative to LKM. No main effect of group 

was observed (b = 2.43, z = 0.96, p = .337). Effect sizes of post-pre differences for each group are 

reported in Table 2.2. 

Including COVID-19 local severity or social distancing variables as covariates had no 

effect on either result, though at a trend level, social distancing was negatively associated with 

social support (b =-.03, z = -1.81, p = .071).  

 

Social activity 

On average, participants completed 4.87 of the 5 daily experience sampling surveys at 

baseline (SD=0.45), and 4.90 of the 5 daily surveys at follow-up (SD=0.46); no difference in 

completion rate was observed between groups (p=.243). On average, participants endorsed having 

in-person contact with 2.13 types of contacts (i.e., partner, family member, friend etc.) each day at 

baseline (SD=0.99) and 2.28 types of contacts at follow-up (SD=1.08). The modal length of time 

for each type of contact was 1-1.5 hours.  

No significant group, time, or group x time interaction effects were observed for daily 

average amount of in-person social activity (time: b = 0.02, z = 0.36, p = .719; group: b = -0.08, z 

= -0.73, p = .462; group x time: b = 0.04, z = 0.51, p = .608) or non-in-person social activity (time: 

b = 0.02, z = 0.20, p = .842; group: b = 0.26, z = 1.48, p = .139; group x time: b = -0.11, z = -0.83, 

p = .407). Again, including COVID-19 local severity or social distancing variables as covariates 

had no effect on either result, though social distancing was negatively associated with amount of 

in-person social activity (b=-0.004, z=-3.06, p=.002). 
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Prosocial behavior 

 Participants reported an average of 2.94 prosocial behaviors per day at baseline (SD=2.07) 

and an average of 3.02 prosocial behaviors per day at follow-up (SD=2.13). No significant group, 

time, or group x time interaction effects were observed for prosocial behavior (time: b = 0.03, z = 

0.11, p = .915; group: b = 0.78, z = 1.64, p = .102; group x time: b = 0.11, z = 0.30, p = .767). 

Including COVID-19 local severity or social distancing variables as covariates had no effect on 

this result. 

 

Anxiety and COVID-19-related variables 

Anxiety (STAI-Y2) decreased between sessions (time: b = -3.73, z = -3.14, p = .002; Figure 

2.2c), but had no significant group (b = 2.27, z = 0.88, p = .379) or group x time interaction (b = 

2.13, z = 1.69, p = .209) effect. Including COVID-19 local severity or social distancing variables 

as covariates had no effect on this result. 

 

 

Figure 2.2. LKM was associated with reduced social support relative to PMR. (a) Social 

support decreased after LKM relative to PMR (p = .028). (b) Loneliness had a trending group x 

time interaction (p = .054) indicating a greater reduction after PMR. (c) Anxiety decreased 
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between sessions (p = .002), but had no significant group x time interaction (p=.209). Group x 

time interaction effects are marked as *p < .05; †p = .054 

  

Table 2.2. Pre-to-post differences by group. Pre and post values presented as mean ± standard 

deviation. Regression results are marked by: [t] Main effect of time p<.05; [x] Group x time effect 

p<.05. Effect sizes are Cohen’s d values for post-pre, with marked significance for paired t-test 

comparisons within group; *p<.05. 

 Pre Post Effect sizes 

 LKM PMR LKM PMR LKM PMR 

Perceived 

connectedness       

Social support [x] 
28.50 ± 

6.77 

28.40 ± 

4.82 

27.38 ± 

5.78 

29.20 ± 

5.09 
-.18* .16 

Loneliness [t] 
39.32 ± 

12.84 

37.57 ± 

8.52 

39.32 ± 

11.89 

34.43 ± 

8.31 
.00 -.37* 

Social activity       

Social activity (in-

person) 

0.82 ± 

0.48 
0.90 ± 

0.45 

0.89 ± 

0.53 

0.93 ± 

0.54 
.11 .04 

Social activity (non-in-

person) 

1.72 ± 

0.78 

1.46 ± 

0.75 

1.66 ± 

0.76 

1.47 ± 

0.79 
-.14 .03 

Prosocial behavior 
0.30 ± 

0.20 

0.23 ± 

0.17 

0.32 ± 

0.19 

0.23 ± 

0.19 
.06 .01 

Anxiety [t] 
141.53 

± 11.70 

39.71 ± 

10.88 

40.15 ± 

11.45 

36.11 ± 

9.09 
-.12 -.36* 

COVID-19 variables       

Social distancing [t] 
59.06 ± 

31.06 

56.39 ± 

23.44 

58.92 ± 

33.71 

49.55 ± 

34.54 
-.00 -.22* 

Local COVID-19 

severity [t] 

23.21 ± 

14.25 

29.18 ± 

24.55 

15.12 ± 

13.13 

14.53 ± 

12.02 
-.59* -.76* 

 

We next examined whether change to the COVID-19 severity or distancing variables 

occurred between timepoints or varied between groups. Local COVID-19 severity decreased over 

time (b = -14.85, z = -5.60, p<.001), had no main effect of group (b = -5.56, z =-1.41, p = .157), 

but did show a trending group x time interaction (b=6.38, z = 1.69, p=.091) indicating a greater 

reduction in the PMR group. Social distancing behavior also decreased between sessions (time: 
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b=-6.67, z=-1.99, p=.047), but showed no significant group (b=5.18, z=0.70, p=.486) or group x 

time interaction effects (b=6.20, z=1.30, p=.194). The within group post-hoc t-tests suggested this 

variable is important to consider as a covariate, however, because only the PMR group reported 

reduced social distancing at follow-up (Cohen’s d=-.22, p<.05). 

 

Relationship between perceived social connectedness, anxiety and COVID-19 variables 

 To better understand the unexpected results showing worse perceived social connectedness 

after LKM, we explored changes between variables using fixed-effects regression for panel data 

(Gardiner et al., 2009). Subject was set as the panel variable and session was set as the time 

variable. The model tested three potential (time-varying) variables that could help explain a change 

in perceived social connectedness at follow-up: anxiety, local COVID-19 severity, and COVID-

19 social distancing. All three variables were included in the same model since change scores were 

not strongly correlated (max r=-.22).  

 Surprisingly, a reduction in COVID-19 local severity was associated with lower social 

support at follow-up in the LKM group (b=0.10, t=2.73, p=.011). In the PMR group, a reduction 

in COVID-19 social distancing was associated with improved social support at follow-up (b=-.05, 

t=-2.08, p=.046; Table 2.3), however, the overall model was not statistically significant. 

 

Table 2.3. Fixed-effects panel regression predicting change in social support. *p<.05. 

 LKM PMR 

 b 95% CI p b 95% CI p 

Constant 27.83 [27.29, 28.37]  28.66 [28.05, 29.27]  

COVID-19 severity 0.10 [0.03, 0.18] .011* -0.03 [-0.08, 0.02] .218 

COVID-19 distancing 0.05 [-0.01, 0.11] .123 -0.05 [-0.11, -0.00] .046* 

Anxiety -0.06 [-0.24, 0.12] .495 -0.07 [-0.22, 0.06] .295 

Within R2   .261*   .204 
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 When examining changes in loneliness scores, a reduction in anxiety was associated with 

reduced loneliness at follow-up in both groups (LKM: b=0.66, t=4.05, p<.001; PMR: b=0.46, 

t=4.59, p<.001; Table 2.4). Change in COVID-19 variables were not significantly associated with 

changes in loneliness in either group. 

 

Table 2.4. Fixed-effects panel regression predicting change in loneliness. ***p<.001. 

 LKM PMR 

 b 95% CI p b 95% CI p 

Constant 39.95 [38.95, 40.96]  36.37 [35.50, 37.23]  

COVID-19 severity -0.08 [-0.22, 0.06] .266 0.05 [-0.02, 0.12] .169 

COVID-19 distancing -0.06 [-0.18, 0.06] .319 0.04 [-0.04, 0.11] .301 

Anxiety 0.66 [0.32, 0.99] <.001*** 0.46 [0.26, 0.67] <.001*** 

Within R2   .387**   .470*** 

 

Discussion 

 

To our knowledge, this is the first investigation to detail the impact of LKM during the 

COVID-19 pandemic. Contrary to hypotheses, we observed that LKM was not associated with 

improved perceived social connectedness and had no effect on real-world social activity or 

prosocial behavior. Surprisingly, LKM reduced social support scores on average, though the effect 

was small (Cohen’s d<.20). The non-social control meditation, PMR, was associated with a small 

reduction in loneliness (Cohen’s d=-.37), which may have been driven by its beneficial effect on 

anxiety. Despite being entirely remote, the trial had a markedly low attrition rate (8%) and 

encountered few technical challenges, which illustrates the pragmatism for internet-based 

randomized controlled trials. 

The COVID-19 pandemic played a central role in this investigation and may partly explain 

LKM’s lack of effectiveness. The severity of local COVID-19 case rates decreased substantially 
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between the ~5 weeks separating participants’ baseline and follow-up sessions. However, only the 

PMR group reported reduced social distancing behaviors at follow-up. This presents the possibility 

that LKM training may have prompted a form of pandemic prosociality—i.e., remaining isolated 

to protect others. Consistent work reveals that engagement in COVID-19 social distancing is 

indeed related to prosocial and antisocial traits (Campos-Mercade et al., 2021; Nivette et al., 2020; 

O’Connell et al., 2021b) and that empathy manipulations can positively affect pandemic behavior 

(Coroiu et al., 2020; Pfattheicher et al., 2020). In our sample, a reduction of COVID-19 local 

severity was counterintuitively associated with lower social support at follow-up in the LKM 

group. Meanwhile, in the PMR group, reduced COVID-19 social distancing was associated with 

increased social support. Encouraging participants assigned to LKM to reflect on their social 

relationships so frequently may have exacerbated the mismatch between desired and actual levels 

of social contact, which would be expected to harm perceived social connectedness (Cacioppo & 

Hawkley, 2009; Perlman & Peplau, 1998; Weiss, 1973). In other words, LKM may have increased 

participants’ desire for in-person social contact, which was not acted on due to a simultaneous 

empathy-induced motivation to reduce spread of COVID-19 through distancing, potentially 

leading to the unanticipated association between LKM and reduced social support relative to PMR. 

The positive effects of PMR on anxiety reduction were expected. It was not, however 

expected that anxiety reduction would be closely linked to a reduction in loneliness, which was 

observed in both groups. In a 2016 study of undergraduate students, daily stress was associated 

with reduced engagement in face-to-face conversations the following day, as measured by a 

smartphone experience sampling app (daSilva et al., 2021). Similar observations are even made in 

rodents whereby stress from electric shocks or social defeat is associated with a 45% reduction in 

social activity the following day (Haller & Bakos, 2002). This phenomenon is known as stress-
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induced social avoidance, and if the inverse is also true (i.e., that reduced stress will increase later 

social interaction), it could help explain the observed relationship in which reduced anxiety was 

associated with reduced loneliness after meditation. However, this is unlikely given there were no 

changes to reported social activity. Reducing stress during the COVID-19 pandemic by spending 

time outdoors has been associated with reduced daily loneliness (Stieger et al., 2021), which is in 

line with our findings. Thus, it is possible that the anxiety - loneliness relationship does not involve 

changes to social behavior, but actually changes to non-social behavior that were not measured in 

our study. 

A primary study limitation is that results went against hypotheses and should be considered 

with caution. In addition, because the COVID-19 pandemic is expected to impact real-world social 

behavior, the lack of an effect of LKM on our experience sampling measures of social activity and 

prosocial behavior should be considered as context-specific. While pandemic-related factors such 

as local severity and physical distancing were considered closely, it is difficult to fully differentiate 

between what changes were due to improved external factors (i.e., the significantly lower local 

case rates over time) versus the meditation trainings. A surprising finding was that participants did 

not endorse having higher loneliness compared to a nationally-representative sample measured 

prior to the COVID-19 pandemic (Bruce et al., 2019). A number of studies find sharply elevated 

perceived isolation and loneliness in adults 18-50 during the same time period as our study (Clair 

et al., 2021; Quintana et al., 2021; Weissbourd et al., 2021). One possibility is that individuals 

suffering the most from low social connectedness during the pandemic are less likely to volunteer 

for research. Relatedly, while our sample was recruited from throughout the continental U.S., it 

was not representative and skewed towards including young participants from urban areas, who 

have internet access, overrepresents females (64%), and underrepresents black and African-
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American participants (7%). Future investigations will be important to confirm results and test for 

generalizability of findings including outside of the COVID-19 social distancing context.  

This investigation demonstrates that LKM is not well-suited for remediating pandemic-

related social disconnect. However, because the PMR group showed relatively improved perceived 

social connectedness at follow-up, STUDY 2B could proceed with investigating whether 

meditation, and its associated social benefits, can moderate acute pain.  

 

Study 2B – Impact of a Meditation Training on Acute Pain 

 

 This study employed data from the same trial as STUDY 2A. Only methods not discussed 

above are described here. 

 

Methods 

 

Acute pain measures 

During the initial and follow-up Zoom sessions, acute pain was measured using the wall-

sit test. Participants held an unsupported seat-like position with their back against a wall for as 

long as possible. The total duration of time in the wall-sit position provides an index of pain 

tolerance. Advantages of this test include that it can be safely and effectively administered 

remotely and that outcomes using this assay have previously been associated with various 

measures of social connectedness, including social network size (Johnson & Dunbar, 2016) and 

modulation by experiences of social bonding (Dunbar et al., 2012, 2016; Madsen et al., 2007). 
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Prior reports also indicate good test-retest reliability of pain tolerance time (Lubans et al., 2011) 

and subjective pain (Vaegter et al., 2019) on the wall-sit. 

Instructions and procedures for the wall-sit were identical for both testing sessions. While 

on Zoom video chat, wall-sit instructions were read from a script and an image of the correct 

position was shown to participants. Participants performed a 5-second trial of the position prior to 

starting, with the researcher providing corrections on positioning and form when necessary. 

Participants were asked to close their eyes once they began, say “pain” when they first started to 

feel any pain at all, then say “stop” when they could no longer bear the pain and/or when they slid 

down to the ground. For the purposes of this study, the time to first report of pain was not evaluated. 

Due to internet connectivity issues in two sessions, a phone call was initiated in addition to the 

video chat to ensure accurate timing. One participant did not complete the wall-sit test at the 

follow-up session due to a recent knee injury. 

 

Statistical analysis 

In line with STUDY 2A, an intention-to-treat approach included all participants’ data, 

analyses were carried out in STATA 15, and all tests were two-tailed and used a 5% significance 

level. Group comparisons for baseline pain variables were completed using t-tests. 

The main hypotheses, which test for an effect of meditation on pain tolerance and 

subjective pain, employ longitudinal linear mixed models. Each model tested for effects of group, 

time, and the group x time interaction term, and allowed random intercepts for participants. The 

influence of including the time-varying COVID-19 severity and social distancing variables was 

also examined. These models matched STUDY 2A, replacing social outcomes with pain outcomes. 
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To test whether across groups, change in perceived social connectedness was associated 

with change in pain tolerance, we employed fixed-effects panel regression. Subject was set as the 

panel variable and session was set as the time variable.  

 

Results 

 

Acute pain 

On average, acute pain tolerance increased by 8.5 s between sessions (b = 8.46, z = 2.09, p 

= .037; Figure 2.3a), but showed no effect by group (b = 1.77, z = 0.22, p = .824) nor a significant 

group x time interaction (b = -9.45, z = -1.63, p = .103). A post-hoc t-test test showed that within 

the PMR group, pain tolerance improved somewhat between timepoints (Cohen’s d = 0.24; 

p=.027). As expected, average daily exercise was marginally associated with pain tolerance at 

baseline (rho=.23, p=.051), and we therefore tested inclusion of exercise as a covariate in the 

model. Adjusting for exercise did not alter results and it showed no significant relationship with 

pain tolerance (b=5.26, z=1.28, p=.201). 

Subjective pain ratings were higher for the PMR group overall (b = -10.19, z = -2.42, p = 

.015; Figure 2.3b) but showed no effect of time (b = -2.58, z = -0.91, p = .361) nor a group x time 

interaction (b = 4.79, z = 1.18, p = .236). Post-hoc tests showed no significant difference between 

timepoints in either group. Change scores (post-pre) for each pain outcome are plotted in Figure 

2.3c-d. Including COVID-19 local severity and social distancing had no effect on either the pain 

tolerance or subjective pain models.  

 



 

 96 

 

Figure 2.3. No significant difference by meditation group on acute pain. Neither (a) pain 

tolerance nor (b) subjective pain exhibited a significant group x time interaction effect. Change in 

(c) pain tolerance plot visualizes changes for individual subjects; positive values indicate improved 

pain tolerance at follow-up. Change in (d) subjective pain plot visualizes changes for individual 

subjects; positive values indicate greater subjective pain experience at follow-up. 

 

Table 2.5. Pre-to-post pain differences by group. Pre and post values presented as mean ± 

standard deviation. Regression results are marked by[g] Main effect of group p<.05; [t] Main effect 

of time p<.05. Effect sizes are Cohen’s d values for post-pre, with marked significance for paired 

t-test comparisons within group *p<.05 

 
Pre Post Effect sizes 

 LKM PMR LKM PMR LKM PMR 

Pain       

Pain tolerance [t] 69.13 ± 32.65 67.36 ± 33.44 69.36 ± 37.40 76.26 ± 35.86 -.01 .24* 

Subjective pain [g] 31.84 ± 17.78 42.03 ± 17.76 34.27 ± 19.87 39.8 ± 18.09 .14 -.16 

Daily exercise 1.12 ± 0.52 1.04 ± 0.66 1.20 ± 0.69 1.04 ± 0.66 -.13 -.00 
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Relationship between change in pain tolerance and perceived social connectedness 

 Fixed-effects panel regression next tested the relationship between change in acute pain 

and change in other time-varying variables across groups. Because there was no significant group 

x time interaction effect on pain outcomes, and because we were interested in identifying factors 

underlying change in pain regardless of group assignment, models included all participants. The 

models focused on examining variables that exhibited change as a function of time and/or had a 

group x time interaction. Therefore, pain tolerance was set as the dependent variable, and social 

support, loneliness, COVID-19 local severity and COVID-19 social distancing were set as 

independent variables. Social support and loneliness had strongly correlated changes scores (r=-

.58), and therefore, their effects were tested separately using two different models. One participant 

exhibited a change in pain tolerance >3 standard deviations from the mean and was excluded from 

this analysis.  

Across participants, change in social support between timepoints was positively associated 

with change in pain tolerance (b=1.93, t=2.65, p=.010; Table 2.6). This model explained 11% of 

the within subject variance across time. Inclusion of exercise as a covariate did not alter results for 

this result. 

 

Table 2.6. Fixed-effects panel regression predicting change in pain tolerance from change 

in social support across participants. *p<.05 

 

 b 95% CI p 

Constant 69.30 [66.71, 71.88]  
Social support 1.93 [0.47, 3.39] .010* 

COVID-19 local severity -0.07 [-0.33, 0.19] .595 

COVID-19 distancing -0.06 [-0.31, -0.20] .667 

Within R2   .111* 
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Plotting these change scores (Figure 2.4), shows that, on average, participants who reported 

increased social support at follow-up exhibited increased pain tolerance, and vice versa.  

 

 

Figure 2.4. Change in social support is positively associated with change in pain tolerance. 

Across groups, increased social support was associated with improved pain tolerance at follow-

up, and vice versa. 

 

The final model showed no significant relationship between change in loneliness and 

change in pain tolerance (p>.340; Table 2.7). Inclusion of exercise as a covariate did not alter 

results for this result. 

 

Table 2.7. Fixed-effects panel regression predicting change in pain tolerance from change 

in loneliness across participants. 

 b 95% CI p 

Constant 69.32 [66.62. 72.02]  
Loneliness -0.38 [-1.18, 0.41] .340 

COVID-19 local severity -0.06 [-0.34, 0.21] .657 

COVID-19 distancing -0.09 [-0.36, 0.17] .487 

Within R2   .028 
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Baseline correlations among variables 

 Lastly, to extend prior work that links affiliative behavior and social connectedness to 

increased pain tolerance, we examined correlations at baseline. Similar to prior work, social 

support was positively associated with pain tolerance (rho=.25, p=.032), but the relationship did 

not survive correction for multiple comparisons (5 social items). Loneliness, social activity (in 

person and not in-person), and prosocial behavior had no association with baseline pain tolerance.  

 Table 2.8 displays baseline Spearman correlations for STUDY 2 variables. As expected, 

social support was negatively associated with loneliness (rho=-.76, p<.001) and anxiety (rho=-.49, 

p<.001). Unexpectedly, exercise was negatively associated with local COVID-19 severity (rho=-

.40, p<.001). 



 

 

1
0
0
 

 

Table 2.8. Pairwise Spearman correlations at baseline. Two participants did not complete daily experience sampling resulting in 

n=72 for items 8-13 and n=74 for all other items. * p<.05, **p<.01, ***p<.05 Bonferroni corrected for 78 comparisons. 

 
            

  

 

 

Age 

1 

Sex 

2 

Pain 

toler-

ance 

3 

Pain 

subject

-tive 

4 

Social 

support 

5 

Loneli- 

ness 

6 

Anxiety 

7 

Prosocial 

behavior 

8 

Social 

activity 

(in-

person) 

9 

Social 

activity 

(not in-

person) 

10 

Exercise 

11 

COVID-

19 local 

severity 

12 

COVID-

19 social 

distance 

13 

 1 -             

 2 -.09 -            

 3 .00 .04 -           

 4 -.07 -.13 .00 -          

 5 .21 .00 .25* .10 -         

 6 -.13 .09 -.02 -.24* -.76*** --        

 7 -.20 .26* -.01 -.16 -.49*** .69*** -       

 8 .02 .00 -.23 .06 .26* -.18 -.03 -      

 9 .02 -.01 .07 .04 .28* -.17 -.05 .55*** -     

 10 -.28* .15 -.16 .02 -.17 .09 .24* .10 .23 -    

 11 .17 -.07 .23 -.13 .28* -.22 -.26* .29* .39** -.06 -   

 12 -.09 .16 .07 -.05 -.11 .11 .06 -.27* -.35** -.06 -.40*** -  

 13 .06 .01 -.10 .03 -.11 -.05 -.03 -.17 -.29* -.10 -.05 .28* - 
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Discussion 

 

This investigation queried the relationship between social functioning and acute 

pain in healthy adults using an internet-based randomized controlled trial. While the effects 

of LKM and PMR meditation on social outcomes were reversed compared to hypotheses—

results indicated that change in perceived social connectedness following either meditation 

was positively associated with a change in pain tolerance. PMR improved social support 

relative to LKM (STUDY 2A), and only the PMR group showed an increase in pain 

tolerance at follow-up. Unlike social support, changes to loneliness and anxiety had no 

association with change in pain tolerance, despite similarly improving after PMR. These 

findings are broadly in line with prior work supporting a link between social support and 

reduced pain (Cohen-Mansfield & Marx, 1993; Cohen & Wills, 1985; Evers et al., 2003; 

Forgeron et al., 2010; Holtzman et al., 2004; Keefe et al., 2002). Results also align with 

the previously observed positive effect of hyperacute (<2 hr) manipulations to social 

connectedness improving pain tolerance (Cohen et al., 2010; Dunbar et al., 2012, 2016), 

and extend this association to the context of a 4-week meditation training. 

There are a few possible explanations for the null effect of LKM on acute pain. 

Critically, LKM showed no effect across five measures of social behavior and 

connectedness, which were hypothesized to mediate a change in pain tolerance. As 

discussed in STUDY 2A, this departure from prior LKM literature may be partly explained 

by the context of COVID-19 social distancing or by the fact that past LKM research suffers 

from methodological issues (e.g., rarely uses an adequate active control comparison as 

reported in reviews; Galante et al., 2014; Kreplin et al., 2018; Shonin et al., 2015; Zeng et 
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al., 2015). Another possibility could be that, for new meditators, the benefits of meditation 

are predominantly transient. A recent study involving a 21-day mindfulness meditation 

training showed benefits to positive emotions in the minutes-to-hours following practice, 

but no carry-over to following days (Levi et al., 2021). Participants in the current study 

were not asked to meditate leading up to or during exposure to the pain stimulus. While 

prior work shows positive effects of meditation on pain when no explicit prompting is used 

(Brown & Jones, 2010; Kingston et al., 2007), many studies do prompt a meditative state 

(Case et al., 2021; Hayes et al., 1999; Reiner et al., 2016), which instead assesses the 

transient effects of meditation that were not the primary interest of this investigation.  

Conducting an online, randomized controlled trial on experimental pain is novel 

and significant. To our knowledge, this is the first study to induce acute pain remotely. Few 

problems were encountered (only 1 of 75 participants was excluded due to 

technical/instructional difficulty) and few screening exclusions were due to a lack of 

computer or internet access (1 of 129). Future pain research could employ internet-based 

trials to enroll more geographically-diverse participant samples, such as individuals in rural 

communities. Online administration of meditation also provides several advantages: 1) it 

was safer and more feasible than face-to-face meetings during the COVID-19 pandemic, 

2) participants often prefer online meditation training to individualized or group face-to-

face training (Wahbeh et al., 2014), 3) it overcomes common barriers to treatment by 

combining easy access, low cost, and a degree of privacy that may appeal to clinical 

populations, 4) it insured that social outcomes were not influenced by direct exposure to 

other people, and 5) it is highly feasible for future studies to replicate or generalize findings.  
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A few limitations should be noted. Because the effects of LKM and PMR on 

perceived social connectedness were reversed compared to hypotheses, results should be 

interpreted with caution. Moreover, the effect size was small for improved pain tolerance 

after PMR and the group x time interaction effect for pain tolerance did not reach statistical 

significance. For this reason, the regression models examining change scores included 

participants across groups, which also benefitted statistical power. Therefore, the observed 

link between alterations in social support and pain tolerance is unable to comment on 

differences by meditation type. Our hypothesized mechanism of LKM suggested the 

practice would enhance engagement of neural systems involved in social affiliation and 

motivation that would provoke measurable changes to actual social behavior, which in turn 

would drive reduced pain experience. However, neither meditation altered real-world 

social behavior. Therefore, an important limitation of the study is its inability to comment 

on the relationship between social activity and pain.  

Time spent engaging in physical exercise was marginally associated with pain 

tolerance on the wall-sit. While we observed no changes to exercise in either group 

following meditation and no effect of including exercise in the panel regression, the link 

between exercise and wall-sit pain tolerance presents a limitation for future directions. The 

wall-sit measure of pain tolerance may not be well suited for correlational or cross-

sectional study designs because it is associated with variations in fitness (Johnson & 

Dunbar, 2016), which in turn can be associated with social functioning (Berkman et al., 

2000; McNeill et al., 2006; Thraen-Borowski et al., 2013). In addition, more work is 

needed to confirm the reliability and validity of the internet-based wall-sit pain measure. 

A related complication is that exercise itself can increase pain tolerance (Hviid et al., 2019) 
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and reduce pain sensitivity (Koltyn & Arbogast, 1998; Vaegter et al., 2019). However, 

effects are typically only reported after 20+ minutes of exercise (Da Silva Santos & 

Galdino, 2018). Because of this latency, our use of a pre-post design, and because 

participants reported no change to exercise across timepoints, we can be relatively 

confident that exercise-induced effects on pain tolerance did not influence results. 

Regardless, future work would benefit from exploring other potential internet-based pain 

induction assays, such as sensitivity to topical/oral capsaicin delivery or painful pressure 

induced by an inflatable blood pressure cuff—both of which are used by laboratory or field-

based studies already (Butler et al., 2020; Cohen et al., 2010; Dunbar et al., 2012; Frot et 

al., 2004).  

Results are in line with prior reports that relate perceptions of social connectedness 

to improved pain tolerance (Cohen et al., 2010; Dunbar et al., 2012, 2016), and that suggest 

meditation can reduce acute experimental pain (Case et al., 2021; Kingston et al., 2007; 

Shires et al., 2020; Zeidan et al., 2010, 2011, 2016). The observation that improved social 

support following meditation was associated with higher pain tolerance is promising, but 

additional work is needed to confirm significance and generalizability, including to 

contexts outside of the COVID-19 pandemic.  
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GENERAL DISCUSSION 

 

 The goal of this dissertation was to uncover new understanding about the links 

between empathic processes, affiliative behavior, and social connectedness using two 

frameworks—one studying deficits and one testing an intervention. The first question in 

the deficit framework asked: do emotion recognition impairments after stroke relate to 

worse social outcomes? In line with prior work, STUDY 1A confirmed that strokes 

affecting the right hemisphere are associated with impaired emotion recognition. 

Extending knowledge, the study also tied these deficits to diminished retention of social 

activity after stroke, suggesting a loss of affiliative behavior. Results supported the 

hypothesis that stroke survivors who struggle to empathize and emotionally communicate 

may withdraw from social activity or suffer from social exclusion. The next question asked 

whether stroke lesion location may help identify individuals at risk for social decline after 

stroke. Using data from the UK Biobank, STUDY 1B linked damage to a right-lateralized 

network of regions involved in emotion perception and empathy—but not damage to 

corresponding left hemisphere areas involved in language function—to lower perceived 

social connectedness. These results are significant given that much attention for the social 

consequences of stroke has been focused on people with aphasia and left hemisphere stroke 

rather than the empathic deficits associated with right hemisphere stroke. 

 Results from the first half of the dissertation have a few implications and raise a 

number of questions. Emotion recognition deficits following right hemisphere stroke 

remain rarely clinically evaluated, despite widespread consensus of the importance of 

maintaining social relationships in stroke recovery, and preliminary evidence showing that 
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empathic skills can be trained after brain injury (Durfee et al., 2021b; Leon et al., 2005; 

Neumann et al., 2015; Radice-Neumann et al., 2009). STUDY 1 results are in line with a 

small, but growing number of research articles linking stroke-related empathic deficits to 

poor social consequences such as reduced social activity (Cooper et al., 2014; but see 

Stiekema et al., 2019) and lower marital satisfaction (Blonder et al., 2012).  

While STUDY 1A linked empathic deficits to a loss of social activity after stroke, 

STUDY 1B instead linked damage of empathic brain areas to worse perceived social 

connectedness, but not to altered social activity. A likely explanation for these 

discrepancies is that the social activity and connectedness measures varied substantially 

across studies. The observed results for each study are specific to the measure that was 

most comprehensive and included the most items, suggesting greater sensitivity. A critical 

direction for future research is to fulfill the dire need for more standardized and theory-

driven assessments of social activity and connectedness, especially for stroke survivors.  

Tools that are popular for studying young adults’ social connections (e.g., the Social 

Network Index, which sums an individual’s diversity of contacts) are cognitively 

demanding and may not be relevant to the social lives of older adults (Cooper et al., 2014, 

2015; Hilari & Northcott, 2006). Measures assessing quality of life after stroke tend to 

include some social items, but are often encompassed into broad subscales (e.g., that also 

include sleep, depression and memory difficulties; Hilari et al., 2009) or are distributed 

across a multiple subscales and mixed with non-social items (Williams et al., 1999). 

Developing improved social measures for stroke research will require accounting for older 

age and potential disability, but despite these challenges, would be expected to have high 

impact especially if adopted for use in large longitudinal studies.  
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Models of emotion perception identify three primary brain areas that function 

together to perceive and respond to other individuals’ emotions. Right pSTG/STS is posited 

to detect and orient attention to social cues (e.g., facial expressions, emotional prosody; 

Pitcher & Ungerleider, 2021) and initiate a network-based response including right IFG 

and AI. Right IFG is thought to aid emotion identification through motor simulation and is 

also involved in first-hand emotional expression (Adolphs, 2002; Ishai et al., 2005; van der 

Gaag et al., 2007) while AI is associated with emotional awareness across contexts and 

understanding others’ emotions (Craig, 2009, 2011; Gu et al., 2013). Results from STUDY 

1B show that only damage to right AI is significantly associated with perceived social 

decline after stroke (note there was a trending association with damage to right IFG). Since 

right AI is broadly involved both in first-hand experience of emotion and in empathic 

emotion understanding, it is challenging to pinpoint how damage to this area relates to 

decreased connectedness. Deficits to empathic understanding could lead to perceived social 

disconnect if an individual is unable to feel emotionally in tune with others. Alternatively, 

individuals with damage to this area may not experience the strong, positive emotions that 

usually come from social bonding and affiliation, which could result in their lower 

satisfaction with relationships. Future work could test how first-hand emotional experience 

relates to perceived social connectedness in stroke survivors with right AI damage to help 

parse these possibilities. 

Damage to right pSTG/STS showed no association with social activity or social 

connectedness outcomes after stroke. This is surprising since this region is considered the 

primary input node to the right-lateralized emotion perception network. It could be that the 

processing typically completed by pSTG/STS is more easily taken over by another brain 
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region. In line with this possibility, damage to left pSTG/STS causes a type of aphasia 

known for having an unusually rapid and robust recovery period (Yagata et al., 2017)— 

suggestive of spontaneous plasticity of pSTG/STS function. Future work investigating 

functional brain activity during emotion perception in patients with circumscribed damage 

to right pSTG/STS may help better understand plasticity of empathic processes after stroke. 

Overall, despite pSTG/STS damage not being linked to social outcomes after stroke, no 

adjustments to the emotion perception model are justified by the current work. Rather, our 

findings implicating right AI damage in social decline raise a new question of how first-

hand emotional experience might play a role in driving perceived social deficits. 

One limitation of this work comes from AI’s spatial proximity to major white 

matter pathways. It is possible that participants exhibiting damage to right AI also had more 

severe white matter damage, which future work in our group seeks to evaluate. Moreover, 

while we used a priori regions of interest relevant to emotion perception—a whole brain 

approach could point to other important brain areas (e.g., regions associated with cognitive 

empathy). An additional limitation of STUDY 1 is its use of only patient-reported 

outcomes. To differentiate between what difficulties may cause a stroke survivor to 

withdraw socially versus what causes exclusion by others—future research could pose 

these questions to their social contacts. Moreover, patient-reported outcomes may be biased 

by stroke survivors’ cognitive difficulties, memory deficits, or a lack of insight to their own 

social difficulties. While measures of perceived social connectedness require patient input, 

assessing real-world social activity or social deficits would benefit from the participation 

of caregivers or other close connections. 
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Social outcomes following stroke are expected to be related to other mental health 

outcomes such as post-stroke depression. However, there are benefits to focusing on social 

outcomes. Attempts at pinpointing brain regions associated with post-stroke depression 

have not been fruitful (Carson et al., 2000) or show small effect sizes with low reliability 

between studies (Whyte & Mulsant, 2002). Meanwhile, empathy and emotion perception 

neural systems are relatively well defined and may be better suited for identifying and 

targeting in post-stroke rehabilitation. Training empathic emotion recognition skills after 

stroke is already a recognized direction for research. Such trainings focus on teaching the 

use of alternative or effortful tactics to help identify emotion cues (Durfee et al., 2021b; 

Leon et al., 2005). Future work should focus on evaluating whether these trainings actually 

transfer to improved real-world social skills. The potential for improved social outcomes 

mitigating post-stroke depression could also be examined. 

Another future approach could involve contemplative practices aimed at fostering 

empathy and compassion for self and others, e.g., LKM. LKM could go beyond training of 

stimulus processing deficits by asking stroke survivors to engage a mindset of positivity, 

empathy, and emotional awareness—which may be especially useful for individuals with 

right AI damage and low perceived connectedness. Other types of meditation such as 

mindfulness exhibit some effectiveness for reducing anxiety and fatigue after stroke 

(Dickinson et al., 2017; Lazaridou et al., 2013; Panda et al., 2020), but no published articles 

to date examine LKM after stroke. Moreover, meeting to practice LKM in a group setting 

(in-person or virtually) could be beneficial itself. However, caution should be applied 

because administration of LKM training in contexts where social activity is restricted (e.g., 

due to disability or COVID-19 social distancing) may be unfavorable.  
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 The second half of the dissertation used an LKM training in neurologically healthy 

adults. Thus, STUDY 2 approached questions about empathy, affiliation, and 

connectedness using a modulatory framework aimed at improving function. A major goal 

of this work sought to confirm and extend prior findings that LKM provides social benefits, 

such as increased perceived connectedness (Fredrickson et al., 2008; Hutcherson et al., 

2008; Kok & Singer, 2017b; Mascaro et al., 2018; Shonin et al., 2015) and engagement in 

prosocial affiliative behavior (Condon et al., 2013; Galante et al., 2016; Weng et al., 2013). 

Unexpectedly, STUDY 2A found that four weeks of LKM training was associated with 

relatively worse perceived social connectedness compared to an active relaxation control, 

and moreover, had no effect on real-world social activity or prosocial behavior as measured 

by daily experience sampling. The study was conducted in the context of COVID-19 social 

distancing, which played a major role in the trial design and, perhaps its outcomes as well. 

 Surprisingly, a reduction in the severity of local COVID-19 case rates was 

associated with lower social support at follow-up in the LKM group. A more expected 

change was observed in the control group, such that a reduction in COVID-19 social 

distancing between sessions was associated with improved social support at follow-up. 

Moreover, while local COVID-19 severity decreased substantially between sessions across 

groups, only the control group reported a corresponding relaxing of their social distancing 

behavior. It is possible that LKM may have prompted a form of COVID-19-specific 

prosociality by motivating individuals to remain isolated to protect others. Encouraging 

participants assigned to LKM to reflect on their social relationships nearly every day may 

have worsened the mismatch between their desired and actual levels of social contact, 

resulting in lower perceived connectedness. Therefore, potential future research on LKM 
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during COVID-19 social distancing, or in cases where social activity is restricted, should 

proceed only with caution.  

Another surprising observation was that participants did not endorse having higher 

loneliness at baseline compared to a nationally-representative sample measured prior to the 

COVID-19 pandemic (Bruce et al., 2019). Participants also engaged in more frequent daily 

prosocial behaviors than prior reports (Morelli et al., 2014), although this may be driven 

by sampling bias for people who volunteer for meditation research. Overall, these relatively 

normal social variables, despite the COVID-19 pandemic, run contrary to studies that 

report young adults report extremely high loneliness during the same time period as our 

investigation (Clair et al., 2021; Quintana et al., 2021; Weissbourd et al., 2021). Other work 

however, indicates that while mental health is poor for some individuals during the 

pandemic, anxiety and depression ratings for 73% of the population are largely unaffected 

(Saunders et al., 2020). Most of the individuals reporting mental health problems in this 

prior study also reported having a mental health diagnosis, which were exclusionary for 

our sample. 

STUDY 2B investigated the relationship between social changes after meditation 

and acute pain. Results indicated that change in perceived social support following either 

meditation was positively associated with a change in pain tolerance. That is, participants 

who reported reduced social support at follow-up exhibited a reduction in pain tolerance 

on average, whereas participants who reported increased social support at follow-up 

exhibited improved pain tolerance. This is in line with prior work showing a positive effect 

of perceived social connectedness on pain (Cohen & Wills, 1985; Dunbar et al., 2016; 

Evers et al., 2003; Holtzman et al., 2004; Keefe et al., 2002), and a negative effect of 
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loneliness and isolation on exacerbating pain (Allen et al., 2020; Cohen-Mansfield & Marx, 

1993; Eisenberger, 2012; Karayannis et al., 2019; Osako et al., 2018; Panksepp et al., 1980; 

Pieritz et al., 2017).  

The study hypothesized that LKM would modulate the brain systems involved in 

affiliative behavior. Our proposed model of affiliative behavior suggests a feed forward 

system that involves opioidergic positive reinforcement of affiliative behavior (measured 

in the trial by daily social activity and prosocial behavior) and is tentatively linked to 

reduced pain. Neither meditation altered social activity or prosocial behavior, and thus, the 

trial is largely unable comment on the hypothesized direct link between affiliative behavior 

and pain. Instead, our results linking perceived social connectedness to pain despite no 

alterations to affiliative behavior suggest the importance of considering alternative models 

and mechanisms. One possibility is that individuals who feel more socially supported may 

engage strategies to downregulate pain responses or activate positive emotion brain states 

to better endure pain. In line with this, mindfulness meditation is suggested to decrease 

pain responses through a prefrontal control mechanism that downregulates sensory pain 

processing (Zeidan et al., 2011). This non-opioidergic mechanism for pain modulation may 

better explain STUDY 2B’s results since there was no evidence of affiliative systems being 

involved.   

Future work is needed to confirm the reliability and validity of our novel, internet-

based, wall-sit measure of pain tolerance. An expected relationship in the baseline data was 

observed at a sub-threshold level, which helped confirm consistency with prior work. 

Specifically, social support was associated with higher wall-sit pain tolerance at baseline 

(including after adjustment for exercise p=.032), which is similar to other work using the 
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wall-sit (Johnson & Dunbar, 2016). Another potential limitation of the wall-sit assay is 

important to note; exercise itself can moderate pain experience (Hviid et al., 2019; Koltyn 

& Arbogast, 1998; Vaegter et al., 2019). However, these effects are typically reported after 

longer periods of time than would be relevant to our design (Da Silva Santos & Galdino, 

2018). Moreover, our focus on within-subject effects, and our observation that participants 

reported no change to exercise between timepoints, increases confidence that exercise-

induced pain reduction did not play a significant role. Still, future work would benefit from 

exploring other potential internet-based pain induction assays. For example, tests could 

evaluate responses to topical/oral capsaicin delivery or painful pressure induced by an 

inflatable blood pressure cuff. 

Some research suggests that meditation programs may reduce pain experience by 

decreasing general anxiety (Zeidan et al., 2010, 2011) or pain-related anxiety (Cho et al., 

2010). However, reports are inconsistent and other studies indicate no relationship between 

meditation-induced anxiety reduction and lower pain (Soo et al., 2016; Zeidan et al., 2013). 

Results of the current research are in line with the latter account. Reported anxiety 

decreased substantially between timepoints, especially in the control group, yet there was 

no significant association between change in anxiety and change in pain tolerance (rho=.00, 

p=.993) or subjective pain (rho=-.16, p=.206). Continuing work that examines the 

mechanism of meditation-induced changes to pain (Case et al., 2021; Jinich-Diamant et al., 

2020; Sharon et al., 2016; Zeidan et al., 2016) is critical. For example, how are social 

changes relevant to other types of meditation such as mindfulness or progressive 

relaxation? Measures of social behavior and connectedness are not often adequately 

examined in meditation research despite many investigations directly altering social 
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activity by using in-person group meditation. Lastly, the only prior work assessing LKM’s 

impact on pain is in chronic pain patients (Carson et al., 2005; Chapin et al., 2014; Soo et 

al., 2016; Wren et al., 2019). Therefore, additional confirmation of our negative results of 

LKM on pain tolerance and subjective pain in healthy adults is important. 

In sum, results of this study showed that a 4-week relaxation meditation, but not 

LKM, had a small effect on increased acute pain tolerance. Across participants, change in 

social support following meditation was associated with modulating pain tolerance. While 

promising, additional work is needed to confirm our novel, internet-based pain assay, and 

to understand the mechanism relating perceived social support and pain.  
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CONCLUSION 

 

Empathy is a multifaceted construct involving perception and response to other 

individuals’ internal mental states. This dissertation examined how empathic processes 

may motivate the social behaviors needed for maintaining strong interpersonal 

connections. Findings align with prior work linking stroke-related empathic deficits to poor 

social outcomes. Results implicate stroke lesions to right AI and impaired emotion 

recognition accuracy as two potential clinical markers associated with social decline after 

stroke. In neurologically healthy adults, modulating empathic processes using LKM was 

ineffective at altering real-world social behavior. Results did, however, suggest a 

directional link between perceived social support and acute pain tolerance. Future work is 

needed to clarify the mechanistic basis of this interaction. Findings warrant additional 

research relating these two significant public health problems: declining social 

connectedness and increasing pain. 
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APPENDIX 

 

 

Figure A.1. Changes to social activities (Study 1A). Heatmaps show responses on the 

Activity Card Sort (ACS) social subscale for each group. Darker red indicates endorsement 

by a higher proportion of subjects. No significant group difference in retention of social 

activities emerged (RH: M=77.3%, SD=20.3%; Control: M=84.7%, SD=16.0%; 

t(37)=1.26, p=.216). 
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Figure A.2. Changes to low-physical-demand leisure activities (Study 1A). Heatmaps 

show responses on the Activity Card Sort (ACS) low-physical-demand leisure subscale for 

each group. Darker red indicates endorsement by a higher proportion of subjects. No 

significant group difference in retention emerged (RH: M=78.1%, SD=20.5%; Control: 

M=86.4%, SD=13.5%; t(37)=1.52, p=.137). 
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