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Abstract 

 

Higher levels of household chaos have been related to increased child affect dysregulation 

during later development. To understand why this relationship emerges, we used miniature 

wearable microphones and autonomic monitors to obtain day-long recordings in home 

settings from a cohort of N=74 12-month-old infants and their caregivers from the South-East 

of the UK. Our findings suggest a disconnect between what infants communicate and their 

physiological arousal levels, that are likely to reflect what they experience. Specifically, in 

households which families self-reported as being more chaotic, infants were more likely to 

produce negative affect vocalisations such as cries at lower levels of arousal. This 

disconnection between signalling and autonomic arousal was also present in a lab still face 

procedure, where infants from more chaotic households showed reduced change in facial 

affect and slower physiological recovery despite equivalent change in arousal during the still 

face episode. Finally, we found that this disconnect between what infants communicate and 

their physiological arousal levels may influence the likelihood of a caregiver responding. 

Implications for understanding the mechanisms underlying the relationship between 

household chaos, emotion dysregulation and caregiver under-responsivity are discussed. 

 

Keywords: emotion regulation, self-regulation, arousal regulation, caregiver sensitivity, 

household chaos 
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Introduction 

 

A lack of family and weekly routines, high noise levels, disorganisation and crowding are all 

part of household chaos (Evans & Wachs, 2010; Matheny Jr. et al., 1995). Higher levels of 

household chaos have been related to worse child outcomes across a range of areas including 

cognitive and academic development (Shamama-tus-Sabah et al., 2011), language (Martin et 

al., 2011)  and mental and physical health outcomes (Coldwell et al., 2006; Marsh et al., 

2020; Mills-Koonce et al., 2016). One finding in particular that has attracted attention is the 

well-replicated relationship found between household chaos and affect dysregulation, 

evaluated using a variety of measures including response to challenge (Vernon-Feagans et al., 

2016), delayed gratification (Martin et al., 2011), caregiver-reported emotion regulation 

(Miller et al., 2017) and caregiver- and clinician-rated behaviour problems (Bobbitt & 

Gershoff, 2016; Coldwell et al., 2006; Deater‐Deckard et al., 2009) (see (Marsh et al., 2020) 

for a review). 

 

How and why chaos impacts on affect dysregulation remains unclear, but research suggests 

that this is mediated by an impact on caregiver responsivity. Higher levels of household 

chaos are known to relate to less responsive and more intrusive caregiving styles (Andeweg 

et al., 2020; Deater‐Deckard et al., 2012; Dumas et al., 2005; Geeraerts et al., 2021). Vernon-

Feagans and colleagues examined the relationship between household chaos, early executive 

function and behavioural regulation, and caregiver responsivity in a longitudinal study of 

1145 infants. Household chaos and caregiver responsivity were rated by trained researchers at 

each of the 5 home visits, and executive function tests were administered at older ages. 

Results suggested that the relationship between household chaos and executive function was 
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mediated by caregiver responsivity (Vernon-Feagans et al., 2016) (see also (Geeraerts et al., 

2020; Song et al., 2018)).  

 

The key to appreciating how caregiver under-responsivity leads to child affect dysregulation 

is likely to lie in understanding the dynamic bi-directional influences between children and 

the caregivers. Infants are thought to learn self-regulation by experiencing repeated cycles of 

co-regulation with their caregiver; over time, the infant internalises the expectation of the 

caregiver’s soothing response and through this learns self-regulation (Bronfenbrenner, 1977; 

Ham & Tronick, 2009a; Kopp, 1982; Olson & Lunkenheimer, 2009). In home settings, for 

example, caregivers respond to their infants’ distress by upregulating their own arousal state 

to match their child’s, leading to short-term increases in arousal synchrony; greater caregiver 

responsivity to infant stress associates with faster infant quieting (Wass et al., 2019, 2021). In 

lab settings, studies have similarly shown that the recovery period of the infant following a 

‘still face’ procedure is dependent on the response of the caregiver during the ‘reunion’ phase 

(Enlow et al., 2014; Feldman, Gordon, et al., 2010; Provenzi et al., 2015a).  

 

These studies have, however, concentrated on understanding how caregiver under-

responsivity is driven by caregiver adapting (or not) to their child. Less research has 

investigated bi-directional links, examining simultaneously the role of the child as a sender in 

these exchanges, as well as how the caregiver responds to the child. From birth, infants 

typically express signs of heightened arousal and distress through cries and facial 

expressions. It is thought that initially, infants mostly express these communicative displays 

automatically - that is, directly as a function of autonomic arousal and physiological 

responses to their environment (Craig, 1992; Zeskind, 2013). This predicts that, early on, 

physiological states of arousal and facial and vocal displays of stress/distress should typically 
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align; e.g., in the absence of dysregulation, infants should mostly cry when they are aroused, 

and not otherwise (Zeskind, 2013). Over time, infants develop the ability to use displays 

flexibly and intentionally (Feldman, 2007a; Matthews, 2020), according to specific display 

rules that are culture-specific. The onset of such intentional communication can for instance 

be seen in gaze-coordinated vocalizations – where children vocalize while looking towards 

their caregivers, or alternate their gaze between their caregiver and a situation or object  

(Bates, 2014; Donnellan et al., 2020; Schieffelin, 2016).  

 

Caregiver responsivity is thought to be crucial for this transition towards intentional 

communication (Albert et al., 2018; Locke, 2006; Matthews, 2020). Infants’ dynamic 

behaviours, such as crying and smiling, influence their caregivers’ behaviours (Feldman, 

2007a), and negative vocalisations including cries elicit greater (Tronick, 2007; Wass et al., 

2019, 2021)  and faster (Yoo et al., 2018) responses from caregivers, while vocalisations that 

are more speech-like prompt more contingent responses (Albert et al., 2018). This signifies 

that caregivers are sensitive to variations in the acoustic and phonetic characteristics of their 

infants’ vocalisations, and interpret them as serving various functions (e.g., cries are typically 

perceived as requiring a more urgent response). Yet it remains unclear whether, and if so 

how, infants’ vocal and facial displays affect caregiver responsivity differently as a function 

of their arousal level, and how these relationships may vary as a function of environmental 

factor. 

 

Few previous research studies have investigated simultaneously the relationship between 

infants’ displays, their autonomic arousal, and caregiver responsivity. One recent study 

looked at vocalisation and arousal co-fluctuations across the day in naturalistic home 

environments; it found that negative affect vocalisations (including cries, which accounted 
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for 98% of negative vocalisations), occurred most frequently when the infant was highly 

aroused and with lower arousal stability (Wass et al., 2021) (see also (McFarland, 2001; 

McFarland et al., 2020; Wilder, 1974)). These types of vocalisations also elicited the highest 

frequency of caregiver contingent responses when compared to more positive vocalisations. 

High intensity infant vocalisations also coincided with bigger infant arousal changes, 

followed by a period of arousal stability across the dyad. This confirms that cries – as well as 

being particularly salient for caregivers – are an important tool for establishing co-regulation 

within the dyad (Wass et al., 2019, 2021). It thus seems important to understand what 

happens when a noisy, chaotic environment impacts how caregiver responsivity relates to 

infants’ expressions of distress, potentially in turn affecting their self-regulatory skills. 

 

To address this, in study 1 we used miniature wearable microphones and autonomic monitors 

to obtain day-long recordings in home settings from a cohort of N=74 12-month-old infants 

across the South-East of the UK. We examined how autonomic arousal, in infant and 

caregiver, changed relative to naturally occurring infant vocalisations during the day. 

Trained, blinded coders manually coded all infant vocalisations across two dimensions: first, 

vocal affect, ranging from negative (fussy and difficult) to positive (happy and engaged); and 

second, vocal intensity, reflecting the intensity with which the affect was expressed. For 

technical reasons our microphones recorded a 5-second sample every minute and therefore 

our analyses examined only large-scale arousal changes during the 10 minutes before and 

after each vocalisation. Importantly, although our recordings do not capture all vocalisations 

that occurred, the presence of undetected vocalisations can only have weakened any patterns 

of event-related change that we did observe. Participating caregivers also attended a lab visit, 

where the still face procedure (Ham & Tronick, 2009b), a widely used test of emotion 

regulation in infancy, was recorded (study 2).    
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We hypothesised that caregiver sensitivity to their infant’s vocal (study 1) and facial (study 2) 

displays of distress would be lower in high chaos households, and that as a consequence there 

would be a more flexible association between arousal and displays in these infants. In study 

1, we predicted that the level of caregiver responsivity would be related to infants’ vocal 

displays; that lower levels of responsiveness would be related to less specific vocal displays; 

and that vocal displays would be related to the infant’s autonomic arousal levels to varying 

degrees, dependent on the level of caregiver responsivity. In study 2, we hypothesized that 

there would be a similar disconnection between physiological arousal and facial displays in 

infants from chaotic households during the still face episode, and that this should be 

paralleled by reduced caregiver sensitivity. 
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Methods 

Experimental participant details 

The project was approved by the Research Ethics Committee at the University of East 

London. Participants were recruited from the London, Essex, Hertfordshire and Cambridge 

regions of the UK. In total, 91 infant-caregiver dyads were recruited to participate in the 

study, of whom usable autonomic data were recorded from 78. A further 4 participants failed 

to return the chaos questionnaire. Further details, including exclusion criteria, and detailed 

demographic details on the sample, are given in SM section 1.1 and Table S1. Of note, we 

excluded families in which the primary day-time care was performed by the male caregiver, 

because the numbers were insufficient to provide an adequately gender-matched sample. All 

participating caregivers were, therefore, female. Participants received £30 in Love2Shop gift 

vouchers as a token of gratitude for participation, split over two visits. 

 

CHAOS scale 

The Confusion Hubbub And Order Scale (henceforth ‘chaos’) questionnaire (Matheny Jr. et 

al., 1995) asks caregivers to self-rate on a series of statements such as “it’s a real zoo in our 

home” and “the atmosphere in our home is always calm”. Figure S1 (SM section 1.2) shows a 

histogram of the results obtained from the questionnaire. For the time series analyses reported 

in parts 2b, 2c, 3a-c and 4, where it is not possible to look at group differences based on a 

continuous group variable, data have been split using a median split, with quartile splits also 

reported in the Supplementary Materials. The median was 33; Table S1 provides a break-

down of the demographic data split by high/low chaos score, and associations between chaos 

score and other demographic variables are reported in the results.  

 

Experimental method details – home data 
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Participating caregivers were invited to select a day during which they would be spending the 

entire day with their child but which was otherwise, as far as possible, typical for them and 

their child. The researcher visited the participants’ homes in the morning (c. 7.30 - 10am) to 

fit the equipment, and returned later (c. 4 - 7pm) to pick it up. The mean (std) recording time 

per day was 7.3 (1.4) hours. 

 

The equipment consisted of two wearable layers, for both infant and caregiver (see Figure 1). 

For the infant, a specially designed baby-grow was worn next to the skin, which contained a 

built-in Electrocardiogram (ECG) recording device (recording at 250Hz), accelerometer 

(30Hz), Global Positioning System (GPS) (1Hz), and microphone (11.6kHz). For technical 

reasons (limited storage capacity), the microphone recorded a 5-second snapshot of the 

auditory environment every 60 seconds.  

 

A T-shirt, worn on top of the device, contained a pocket to hold the microphone and a 

miniature video camera (a commercially available Narrative Clip 2 camera). For the 

caregiver, a specially designed chest strap was also worn next to the skin, containing the 

same equipment. A cardigan, worn as a top layer, contained the microphone and video 

camera. The clothes were comfortable when worn and, other than a request to keep the 

equipment dry, participants were encouraged to behave exactly as they would do on a normal 

day.  
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Figure 1 – Equipment. a) picture showing the equipment used in the study. b) picture 

showing a caregiver and child wearing the equipment.  

 

 

Figure 2 raw data sample showing, from top to bottom: infant arousal composite score (see 

SM sections 1.3-1.6); infant arousal after removal of the autocorrelation (AR (see SM section 

1.7); infant vocal affect and infant vocal intensity (see Methods section); caregiver arousal; 

caregiver arousal after removal of the autocorrelation.  

 

Quantification and statistical analysis – home data 
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Autonomic data parsing and calculation of the autonomic composite measure. Further 

details on the parsing of the heart rate (section 1.3; Figure S2, S3), heart rate variability 

(section 1.4), and actigraphy (section 1.5) are given in the SM. As shown in the SM (Figure 

S4) these three variables were highly interdependent, and so we collapsed them into a single 

composite measure of autonomic arousal (see SM section 1.6 for further details). In section 

1.7 we present a description of how the autocorrelation was removed from the arousal data. 

Because we wished to examine large-scale arousal changes, all data were downsampled to 

one-minute epochs for all analyses.  

 

Home/Awake coding. Our preliminary analyses suggested that infants tended to be strapped-

in to either a buggy or car seat for much of the time that they were outdoors, which strongly 

influenced their autonomic data. For this reason, all the analyses presented in the paper only 

include data segments in which the dyad was at home and the infant was awake. A 

description of how these segments were identified are given in the SM (section 1.8). 

Following these exclusions, the mean (std) total amount of data available per dyad was 3.7 

(1.7) hours, corresponding to 221.5 (102.4) 60-second epochs per dyad.  

 

Vocal affect and intensity coding. Post hoc, trained, blinded coders identified samples in 

which the infant or caregiver was vocalising, and coded them on a five-point scale for vocal 

affect (negative: fussy and difficult, neutral or positive: happy and engaged), and on a five-

point scale for vocal intensity of the affect expressed, from 1 (least intense) to 5 (most 

intense). Consistency of rating between coders was achieved through discussions and joint 

coding sessions based on an ersatz dataset, before the actual dataset were coded. In order to 

assess inter-rater reliability, 24% of the sample was double coded; Cohen’s kappa was 0.60, 

which is considered acceptable (McHugh, 2012) . All coders were blind to study design, 
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participant details and hypothesised study outcome. In total, a mean (std) of 159 (36) 

vocalisations per infant was analysed.  

 

Permutation-based temporal clustering analyses. To estimate the significance of time-

series relationships, a permutation-based temporal clustering approach was used. This 

procedure, which is adapted from neuroimaging (Maris, 2012; Maris & Oostenveld, 2007), 

allows us to estimate the probability of temporally contiguous relationships being observed in 

our results, a fact that standard approaches to correcting for multiple comparisons fail to 

account for (Maris, 2012) (see also (Oakes et al., 2013)). See further details in SM section 

1.10.  

 

Control analysis. Participant by participant, for each vocalisation that was observed, a 

random ‘non-vocalisation’ moment was selected as a moment during the day when the dyad 

was at home and the infant was awake but no vocalisation occurred. The same moving 

window analysis described above was then repeated to examine change relative to this ‘non-

vocalisation event’. The same procedure was repeated 1000 times and the results averaged. 

Real and observed data were compared using the permutation-based temporal clustering 

analyses described above. 

 

 

Experimental method details – lab data 

 

The task was a standard version of the still face protocol (Weinberg & Tronick, 1996). 

Caregiver and child were seated across a 80cm-wide table, and instructed to play naturally with 

four toys positioned on the table. After four minutes, on an instruction from the experimenter, 
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the caregiver was instructed not to respond to the infant and to hold a neutral face for two 

minutes. On a further instruction from the experimenter, the play resumed for a further two 

minutes. If the infant became distressed during the still face period, as judged using the standard 

guidelines (Weinberg & Tronick, 1996), the experiment was curtailed. 

 

Quantification and statistical analysis – lab data 

 

Facial and vocal affect coding. Facial and vocal affect was coded in 5-second bins using a 

5-point scale, where -2 is extreme negative affect, 0 is neutral, and +2 is extreme positive 

affect. To ascertain inter-rater reliability, 20% of the sample was double coded, and Cohen’s 

Kappa was calculated. Inter-rater reliability was found to be 0.66, which is considered 

acceptable. 

 

Autonomic data parsing. The parsing of the ECG data was conducted using the same 

procedures as used for the home data. Because of technical problems with equipment during 

the recording of heart rate data from the still face protocol, data from this task are only 

available from a N=17 subset of the sample. Further details of the parsing of the ECG data 

are given in the SM (section 1.3; Figure S2, S3). 
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Results 

 

The results section is structured as follows. First (part 1) we include descriptive statistics, 

showing how scores on the chaos scale correlated with household noise, demographics, 

caregiver mental health, tonic arousal, and average vocalisation rate affect and intensity.  

 

Second (part 2) we examine infant arousal around vocalisations in home settings (study 1), 

subdivided by household chaos. In part 2a we examine the two-way split between arousal and 

vocalisation affect/intensity; in part 2b we examine infant arousal changes around 

vocalisations; in part 2c we examine the temporal clustering of infant vocalisations.  

 

Third (part 3) we examine caregiver arousal around infant vocalisations in home settings 

(study 1). In part 3a we examine caregiver arousal changes around vocalisations, subdivided 

by household chaos; in part 3b we examine caregiver arousal changes around vocalisations, 

subdivided by infant arousal at the time of the vocalisation; in part 3c we examine the 

temporal clustering of adult vocalisations around infant vocalisations.  

 

Fourth (part 4) we examine infant behaviour and physiological changes during the lab-based 

still face protocol (study 2).  

 

Part 1 - Descriptives 

 

See Table S1 for demographic split. 
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Before conducting our primary analyses (described from Part 2 onwards) we first calculated 

some descriptive statistics to report on: i) face validity of the chaos scale – association with 

microphone noise and people in the household; ii) association of chaos with demographics 

and caregiver mental health; iii) association of chaos with tonic arousal; iv) association of 

chaos with vocalisation rate, affect and intensity.  

 

Face validity of chaos scale – association with microphone noise levels and people in the 

household. First, we examined the face validity of the scale by examining the relationship 

between household noise levels (taken from the average dB levels on the microphones worn 

by infants) and caregiver household chaos ratings. Because not all variables were normally 

distributed, more conservative non-parametric Spearman correlations are reported 

throughout. A significant association was identified between chaos and microphone noise 

levels while the infant was sleeping (rho=.28, p=.016), and a marginally non-significant 

association was identified between chaos and ambient waking microphone noise levels (rho 

=.22, p=.069). An association was also observed between chaos and the number of people 

living in the household (rho =.41, p<.001).   

 

Demographics and caregiver mental health. We examined the relationship of the chaos scale 

to the demographic variables recorded: maternal education and household income. In our 

sample, no significant relationships were identified (all ps>.55). In addition, we examined the 

relationship of the chaos scale to caregiver mental health, as assessed using the Generalised 

Anxiety Disorder 7-item screen (GAD-7) (Spitzer et al., 2006) and the Patient Health 

Questionnaire 9-item (PHQ-9) screen for depression (Kroenke et al., 2001). An association 

was observed between chaos and caregiver depression rho =.23, p=.026 but not anxiety 

(p=.26).  
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Association with tonic arousal. First we examined the association between tonic arousal, 

defined from average heart rate, heart rate variability and movement levels in infant and 

caregiver. Two categories were examined: segments while the dyad was at home and the 

infant was awake; and those where the infant was asleep. No significant associations were 

found between any of these variables and household chaos (all ps<.34).  

  

Association with vocalisation rate, affect and intensity. No association was observed between 

chaos and average infant vocal intensity (rho=-.07, p=.60); a marginally non-significant 

positive association was observed between chaos and infant vocal affect (rho=.24, p=.084) 

(higher chaos associated with more positive affect). No association was observed between 

chaos and the vocalisation rate of infants or adults (rho=-.04/0.12, both ps>.3), but a 

marginally non-significant positive association was noted between chaos and the proportion 

of adult vocalisations that were infant-directed (rho=-.22, p=.098) (higher chaos associated 

with a lower proportion of infant-directed vocalisations).  

 

 

Part 2 – Infant arousal around vocalisations 

a) Stacked bar charts 

 

In order to examine how the relationship between vocalisation type and autonomic arousal 

differed contingent on household chaos we first subdivided our all vocalisations by vocal 

affect and physiological arousal, and plotted two separate stacked bar charts for the low and 

high chaos groups, determined by a median split (Figure 3a). In the SM section 2.1 (Figure 

S5) we also include the same plots subdivided using a quartile split.  
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Statistical analyses were conducted by calculating ANOVAs separately for each vocal affect 

bin and each group to examine whether, for that bin, there was a significant relationship with 

arousal. Multiple comparisons were corrected for using the Benjamini-Hochberg procedure 

(Benjamini & Hochberg, 1995). Figure 3a shows the results of this analysis for the low (left) 

and high (right) chaos groups. In the low chaos group there is – as expected - a significant 

relationship between extreme negative affect vocalisations and arousal F(4,134)=6.7, FDR-

corrected p=.006, such that extreme negative affect vocalisations are more likely at elevated 

arousal. This relationship is not present in the high chaos group (p=.62). For moderate 

negative affect vocalisations in the low chaos group the same relationship was present but did 

not survive correction for multiple comparisons (p=.074). Again, this relationship is absent in 

the high chaos group (p=.62). In the SM (Fig S5) we present the same analysis based on a 

quartile (rather than median) split by chaos, showing that this relationship is observed across 

all quartiles and is most marked in the bottom (lowest chaos) quartile group.  

 

Figure 3b shows the same relationship, but examining the correspondence between vocal 

intensity and arousal. In the low chaos group there is a similar relationship for extreme 

intense vocalisations, which are more likely at elevated arousal, although this relationship did 

not survive correction for multiple comparisons (pre-correction p=.046; post-correction 

p=.082). This relationship is absent in the high chaos group (p=.92). Although differences 

also appeared evidence for low intensity vocalisations, these were non-significant due to the 

relatively lower frequency of this type of vocalisation in our data. Again, in the SM (Fig S5) 

we present the same analysis based on a quartile split by chaos, showing that the relationship 

is continuous across the sample.  
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Finally, in Figure 3c we examine the relationship between vocal affect and intensity. This 

shows that, for both groups, extreme negative and positive affect vocalisations are more 

common at high vocal intensity. ANOVAs showed highly significant associations between 

affect and intensity across all bins examined; no differences contingent on chaos were 

observed.  

 

Overall, these results show that, in the low chaos group, negative affect vocalisations such as 

cries are more likely to occur at elevated arousal. This relationship is absent in the high chaos 

group.  
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Fig 3: Stacked bar charts showing: a) the relationship between vocal affect and arousal at 

the time of vocalisation, split between the low (left) and high (right) chaos groups. * shows 

the significance of the statistical analyses reported in the main text * - p<.05 after correction 

for multiple comparisons; (*) – p<.05 before but not after correction; b) the relationship 

between vocal intensity and arousal at the time of vocalisation, split between low (left) and 

high (right) chaos groups; c) the relationship between vocal intensity and vocal affect, split 

between low (left) and high (right) chaos households. For c), statistical analyses showed that 

all bins in both groups were significant.   

 

b) Arousal changes before and after vocalisations 

 

Next, we examined arousal changes around vocalisations. First, we calculated the average 

change in infant arousal around all negative (Figure 4a) and positive affect infant 

vocalisations, subdivided using a median split into low/high chaos groups. In the SM we also 

include the same analysis based on a quartile split by household chaos, to examine how 

continuously these group differences were observed in our data (see SM Figure S6).  

 

For each plot, the average change in arousal for the period from 10 minutes before to 10 

minutes after each vocalisation is shown. In order to analyse the significance of group 

differences, a permutation-based clustering analysis was conducted to correct for multiple 

comparisons, as described in the Methods. For negative affect vocalisations, two significant 

(p=.001) clusters were found: one between -1 to +1 minutes, and one from +4 to +5 minutes 

following the vocalisation (Fig 4a), suggesting that the high chaos group showed smaller 

arousal changes around vocalisations. For positive affect vocalisations, a significant (p=.025) 

difference was observed from +1 to +2 minutes following the vocalisation (Fig 4b). For low 
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intensity vocalisations, a significant (p=.018) difference was observed from +2 to +3 minutes 

following the vocalisation (Fig 4c); for high intensity vocalisations a significant (p=.025) 

difference was observed from -3 to +3 minutes around vocalisations. In each case the 

direction of these effects was the same: the high chaos group showed smaller arousal changes 

around vocalisations. Results presented in the SM (Figure S6) show that, when the analysis is 

repeated using a quartile split by household chaos, the relationship is continuous across the 

sample.  

  

Overall, these results show infants in the low chaos group show larger changes in autonomic 

arousal across all types of vocalisations; differences appear most marked for negative affect, 

and high intensity, vocalisations. This suggest that there is a disconnection between vocal 

displays and physiological arousal in the high chaos group. 

 

 

Figure 4: Line graphs showing average infant arousal around different types of 

vocalisations, split by median split into children from low (blue) and high (red) chaos 

households. a) Negative affect vocalisations; b) positive affect vocalisations; c) low intensity 
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vocalisations; d) high intensity vocalisations. Shaded areas show standard error. * - sections 

identified as showing significant group differences by the permutation-based cluster analysis 

*<.05.  

 

c) Temporal clustering of vocalisations 

 

Finally, as an additional analysis, we examined how likely infant vocalisations are to occur in 

clusters, and how this differs contingent on household chaos, and between negative and 

positive affect vocalisations. To do this we used the following procedure: for each 

vocalisation, we calculated the average likelihood of another vocalisation during a given one-

minute time window (e.g. 1-2 minutes following an initial infant vocalisation – see Figure 

5a). To estimate whether the observed likelihood differed from chance we performed a 

control analysis in which we inserted random ‘non-vocalisation’ events into the data and 

repeated the analysis relative to these ‘non-vocalisations’, and compared the ‘real’ and 

‘control’ datasets using a nonparametric Mann-Whitney U test (see Figure 5a). We then 

repeated this analysis across multiple time windows from 10 minutes before the vocalisation 

to 10 minutes after.  

 

For each time window, the significance of each Mann-Whitney U test compared the observed 

vocalisation rate with change is shown in Figure 5b: a large dot indicates a significant 

difference between the observed and the control data (i.e. that a vocalisation was significantly 

more likely to occur during that time window compared with chance). Our results showed 

that, in the low chaos group, a significantly greater than chance vocalisation likelihood was 

observed from 9 minutes before each vocalisation to 7 minutes after (although not all 

intermediate bins were significant – see Fig 5b). In the high chaos group, greater than chance 
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vocalisation rates were observed from 8 mins before to 10 mins after (although again not all 

intermediate bins were significant).  

 

In addition, we also directly compare the vocalisation rates between the high and low chaos 

groups, using a Mann-Whitney U test and a permutation-based clustering analysis to correct 

for multiple comparisons. This test identified a significantly higher vocalisation rate (p<.001) 

in the low chaos group from -1 to +1 mins following the vocalisation, suggesting higher 

caregiver responsivity for negative vocalisations in this group.  

 

Figure 5c shows and identical plot of positive affect vocalisations. In the low chaos group, 

greater than chance vocalisation likelihoods were observed between 8 minutes before each 

vocalisation to 10 minutes after (although again not all intermediate time windows were 

significant). In the high chaos group, greater than chance vocalisation rates were observed 

between 9 mins before to 10 mins after. No direct group comparisons were significant, 

suggesting no differences in caregiver responsivity for positive vocalisations.  

 

Overall this suggests that, in the low chaos group, negative affect vocalisations are more 

likely to be accompanied by other vocalisations during the period immediately around the 

event. No significant group differences were observed for positive affect vocalisations.   
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Fig 5: a) sample violin plot showing the analysis for one time interval that was then repeated 

iteratively across multiple time intervals in b. The plot shows the likelihood of a subsequent 

negative affect vocalisation in the time window 0-1 minutes following a negative affect 

vocalisation, comparing real with control data. b) same analysis repeated across multiple 

time windows, subdivided between low (red) and high (blue) chaos households. For each 

time window, the size of the dot indicates the significance of the Mann-Whitney U test 

comparing the observed and control data. Large dot – p>.05; small dot – p<.05. * - sections 

identified as showing a significant group differences by the permutation-based cluster 

analysis p<.05.  

 

Part 3 – Caregiver arousal around vocalisations 

a) Caregiver arousal changes before and after infant vocalisations 

 

In order to better understand why caregivers were less responsive in the high-chaos group we 

also examined how caregiver arousal patterns change relative to infant vocalisations (Figure 

6). These analyses were conducted identically to those described in Part 2 above (Figure 4), 

but examining caregiver arousal changes relative to infant vocalisations, rather than infant 
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arousal changes. Figure S7 shows the same analysis, but subdivided using a quartile split by 

household chaos.   

 

For all infant vocalisations (Fig 6a), permutation-based clustering analyses revealed a 

significant (p=.023) group difference from 0 to +2 minutes and from +5 to +6 minutes 

following the vocalisation (Fig 6a), such that caregivers in the high chaos group showed 

smaller arousal changes around infant vocalisations. For negative affect vocalisations, a 

significant (p=.045) difference was observed from -1 to 0 and from +1 to +2 minutes relative 

to infant vocalisations (Fig 6b). For positive affect vocalisations (Fig 6c) no group differences 

were observed. Results presented in the SM (Figure S7) show the same analysis repeated 

using a quartile split by household chaos. These analyses show that the relationship is linear 

across the sample, and driven by greater caregiver arousal reactivity to infant vocalisations in 

the bottom quartile (lowest household chaos) subgroup.  

 

No significant group differences were observed when we examined caregiver arousal changes 

to infant vocalisations subdivided by vocal intensity, subdivided by household chaos (Fig S8a 

and S8b). However, the same analysis broken down using a quartile split by household chaos 

(Fig S8c, S8c) show that, again, greater caregiver arousal reactivity to infant vocalisations is 

observed in the bottom quartile (lowest household chaos) subgroup.  

 

Overall this suggests that caregivers in the low chaos group show larger changes in 

autonomic arousal around infant vocalisations, and that this is driven by greater responsivity 

to negative affect vocalisations.  
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Fig 6: Line graphs showing average caregiver arousal around different types of infant 

vocalisations, split by median split into children from low and high chaos households. a) all 

vocalisations; b) negative affect vocalisations; c) positive affect vocalisations. Shaded areas 

show standard error. * - sections identified as showing significant group differences by the 

permutation-based cluster analysis *<.05. 

 

b) Caregiver arousal changes before and after infant vocalisations – subdivided by infant 

arousal  

 

We also repeated the same analyses as shown in Figure 6, but instead of subdividing 

vocalisations by household chaos and manually coded vocal affect, we subdivided all 

vocalisations according to the infant’s arousal at the time of the vocalisation. Separately for 

each infant we performed a median split to differentiate between high and low arousal 

vocalisations (relative to the average arousal level for that child). Results are shown in Figure 

7a. The same permutation-based temporal clustering analysis was performed as described 

above. This suggested that high arousal vocalisations were accompanied by significantly 

(p<.001) greater changes in caregiver arousal during the time period from 0 to +3mins after 

the vocalisation. We then further subdivided these vocalisations by household chaos, to create 

four categories – high arousal vocalisations from the low chaos group, high arousal 

vocalisations from the high chaos group, low arousal vocalisations from the low chaos group, 
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and low arousal vocalisations from the high chaos group. We found that only the low chaos 

group appeared to respond differentially to high arousal vocalisations (Fig 7b).  

 

Overall, this suggests that caregiver arousal changes are greater following high arousal infant 

vocalisations compared with low arousal vocalisations. However, this finding is limited to the 

low chaos group.  

 

Fig 7: a) Line graph showing average caregiver arousal around infant vocalisations, split by 

median split by the infant’s arousal at the time of the vocalisation. b) Same figure as 7a, but 

further subdivided by household chaos, to create four categories. For a-b, shaded areas show 

standard error. * - sections identified as showing significant group differences by the 

permutation-based cluster analysis *<.05. c) sample violin plot showing the analysis for one 

time interval that was then repeated iteratively across multiple time intervals in c. The plot 

shows the likelihood of a subsequent caregiver vocalisation in the time window 0-1 minutes 

following an infant vocalisation, comparing real with control data. d) same analysis repeated 
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across multiple time windows, subdivided between high and low arousal vocalisations. e) 

same analysis repeated across multiple time windows, further subdivided by household 

chaos. For c-e, the size of the dot indicates the significance of the Mann-Whitney U test 

comparing the observed and control data. Large dot – p>.05; small dot – p<.05. * indicates 

sections identified as showing a significant group differences by the permutation-based 

cluster analysis, p<.05.  

 

c) Caregivers’ vocal responsivity 

 

We also repeated the same analyses as reported in Part 2c to examine the likelihood of 

caregivers vocalising during the time period before and after infant vocalisations. Figure 7d 

shows caregiver vocalisation likelihood subdivided between high and low arousal infant 

vocalisations. As with the plots in Figure 5, the size of the dots in Fig 7d indicates the 

significance of the statistical analyses comparing the observed vocalisation rate with chance; 

the results suggested that, in all bins examined (apart from -9 mins for low arousal vocals) the 

observed vocalisation rates were greater than chance. In addition, the observed vocalisation 

rates were directly compared between the two conditions. Permutation-based temporal 

clustering analyses suggested that caregivers are significantly more likely to vocalise during 

the time period 0 to +2 mins following high arousal vocalisations. Figure 7e shows the same 

plot, but further subdivided by household chaos. Overall, these results suggest that caregivers 

are more likely to vocalise in the time period following high arousal infant vocalisations, with 

the highest response rate observed from caregivers in the low chaos subgroup in response to 

high arousal vocalisations.   

 

Part 4 – Child affect regulation – lab battery 
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Figure 8a shows the experimental set-up that we used for the still face procedure. First, we 

examined the change in infant facial affect during the still face procedure, subdivided into 

high and low chaos groups (Fig 8b). The same permutation-based temporal clustering 

analysis as described above was applied to test for group differences while correcting for 

multiple comparisons. This identified a significant (p=.034) difference in facial affect in the 

time period 1:20 to 1:40 during the still face procedure, such that the high chaos group 

showed less negative affect. By contrast, when we examined physiological changes, we 

found no significant difference between groups (although the N for this analysis is lower, as 

described in the Methods). However, we did identify a trend-level correlation between chaos 

and heart rate recovery following the still face (rho=.47, p=.056), such that higher household 

chaos associated with slower recovery following the still face. Overall, these results suggest 

that infants from high chaos households display less negative facial affect during the still 

face, along with a trend towards slower physiological recovery afterwards.  

 

Fig 8: a) screen grabs illustrating the experimental set-up; b) line graph showing change in 

facial affect during the still face, subdivided by high and low household chaos; c) line graph 

showing change in heart rate during all three phases of the experiment, subdivided by high 

and low household chaos. Shaded areas show standard error. * - sections identified as 

showing significant group differences by the permutation-based cluster analysis *<.05. 
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Discussion 

 

Using day-long home recordings obtained using miniaturised wearable autonomic monitors 

and microphones, we examined caregiver-infant physiological arousal and vocal affective 

displays in high- and low-chaos households. We examined within-individual relationships 

(how infant autonomic arousal relates to infant vocal affects) and cross-dyad relationships 

(how caregiver arousal relates to infant vocalisations). We also examined differences in facial 

displays and autonomic arousal in infants from the different households during the still face 

paradigm. From our results the following conclusions can be drawn: 

 

First, children in the low chaos group are more likely to produce negative affect vocalisations 

such as cries at elevated arousal; this relationship is absent in the high chaos group (Fig 3). 

Second, children from high chaos households showed smaller arousal changes around 

vocalisations, in particular around negative affect and high intensity vocalisations such as 

cries (Fig 4). The findings from the high-chaos group are in contrast with those from the low-

chaos group, and from previous research in general populations (i.e. not subdivided by 

household chaos level) (Kreibig, 2010; Wass et al., 2021) which show that negative 

vocalisations occur most often at high arousal states. This is consistent with the idea that 

initially, infant vocalisation are not functionally flexible, but directly determined by levels of 

arousal (Ghazanfar & Zhang, 2016; Wass et al., 2021; Zeskind, 2013). This suggests that 

high chaos infants are not using high intensity vocalisations to communicate their high 

arousal states, revealing a disconnect between infants’ levels of arousal – which is likely to 

reflect what they are experiencing - and what they are actually expressing.  
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Importantly, we observed no relationship between household chaos and infant vocalisation 

rates, and no relationship between household chaos and overall vocalisation intensity or vocal 

affect. Thus, it is not the case that infants in the high-chaos group are experiencing different 

autonomic arousal, or vocalizing differently overall. Instead, it is how their vocalizations 

relate to their arousal levels that is atypical, both as compared to the low-chaos group in the 

present study, and as compared to what we expected based on past research (Wass et al., 

2021).  

Our results also suggest that caregivers from high chaos households show smaller arousal 

changes around infant vocalisations (Fig 6a), in particular around negative affect 

vocalisations (Fig 6b). When we examined how caregiver responsivity varies as a function of 

infant arousal at the time of the vocalisation (Fig 7) we found that all caregivers are less 

responsive to low arousal vocalisations (Fig 7a, 7d). However, when we subdivided this by 

household chaos we found that, whereas low chaos caregivers did differentiate between high 

and low arousal vocalisations, high chaos caregivers did not (Fig 7b, 7e). In other words, 

infant arousal at the time of the vocalisation influenced the likelihood of a caregiver response 

in low chaos households, but the same relationship was not observed in high chaos 

households.  

This is relevant to theories of selective reinforcement in communication (Albert et al., 2018; 

Goldstein & Schwade, 2008; Locke, 2006; Oller & Griebel, 2020; Zhang & Ghazanfar, 

2016). Our findings suggest that specific signals perhaps lose the potential functional 

significance that we assume they had in earlier infancy for children in high chaos households, 

potentially resulting in negative affect vocalisations such as cries becoming less specific. 

Consistent with this is our finding that, in the low chaos group, negative affect vocalisations 

such as cries are more likely to occur at elevated arousal, but this relationship is absent in the 
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high chaos group (Fig 3a). Possibly this indicates that, in contrast with previous studies in 

general populations which found that negative affect vocalisations were more likely to occur 

at high arousal states (Tronick, 2007; Wass et al., 2019, 2021), these infants have learned that 

expressing distress when aroused does not have consequences, so they stop doing it. It 

doesn’t matter how they communicate, the resulting feedback will be the same. 

Interestingly, we found a similar disconnection between affective displays and physiological 

arousal in a lab-based still face protocol: children from high chaos households showed less 

negative facial affect (Fig 8b). This contrasts with previous selective reinforcement 

interpretations of the still face paradigm in general populations, in which infants are said to 

increase their vocal and facial displays in order to gain a previously conditioned response 

from their caregiver (Ham & Tronick, 2009b). For instance. Goldstein and colleagues found 

that 5-month-old infants responded to their caregiver’s neutral face with increased 

behavioural signals (clusters of vocalisations) followed by quietness. The authors interpreted 

this as a classic extinction burst (Goldstein et al., 2009). 

Here, our findings mirror those in the more naturalistic data: infants from high chaos 

household show similar levels of arousal during the still face; but, in contrast with children 

from low chaos households, they do not match this with their facial display. There is again a 

disconnection between their physiological response and their communicative behaviour. This 

could mean that there is no/under regulation by the caregiver of their child's distress during 

the post-still face; or, it could indicate that this behaviour had perhaps not been previously 

reinforced; and so facial affect too has possibly lost potential functionality (Conradt & 

Ablow, 2010; Enlow et al., 2014; Feldman, Singer, et al., 2010; Gunning et al., 2013; Haley 

& Stansbury, 2003; Ham & Tronick, 2009b; Provenzi et al., 2015b). Our autonomic data 

show the physiological correlates of this, indicating that infants from high chaos household 
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showed a trend towards slower recovery of their arousal level (return to baseline) during the 

post-still face period. Of note, though, the sample for this last analysis was lower than the 

other analyses in this paper.  

Taken overall, our findings thus reveal a disconnect between the arousal patterns in infants in 

high chaos households, and their vocalisation behaviours. This disconnect is not seen in 

infants from low chaos households. Previous research has highlighted the relationship 

between caregiver-child arousal levels (arousal coupling) as an important mechanism for co-

regulation across the dyad (Feldman, 2007b; Smith et al., 2021; Wass et al., 2021). In part, 

infant arousal levels are communicated by vocalisations to elicit a caregiver response 

(Ghazanfar & Zhang, 2016; Oller & Griebel, 2020): infants are able to utilise their 

vocalisations to regulate their arousal levels (and overall arousal level across the child-

caregiver dyad). If communication is in effect the sending and receiving of signals, the 

fundamental starting point must be that the overall outcome is beneficial to both partners 

(Oller et al., 2013). Our data indicate that in highly chaotic households, senders and receivers 

are not aligned anymore: infants are not expressing their levels of arousal, and caregiver 

arousal levels are under-responsive to their infants. Thus, communication is not happening 

within these dyads, and the interactions are not ‘beneficial’ in a co-regulation sense.  

Although technical factors meant that we were confined to random sampling during the day 

rather than continuous recordings, our analyses examine event-related changes relative to 

vocalisations, and so the presence of undetected vocalisations can only have weakened the 

patterns of event-related change that we have observed. Another limitation (and strength) of 

our approach is that, although we only included data segments recorded while the dyad was at 

home and the infant was awake, our home-based recordings nevertheless contained all types 

of vocalisations across a variety of physical settings. 



Running head: CHAOS, VOCALISATIONS, AROUSAL - 34 - 

In future it would be interesting to explore the relationship between autonomic arousal, 

vocalisations, caregiver responsivity, and psychopathology. For example, one factor that may 

mediate our present findings is caregiver depression, which was positively associated with 

household chaos in our sample. Previous research has shown that more depressed mothers 

tend to be under-responsive to their infants’ vocalisations and behaviours (Beebe et al., 2008; 

Field et al., 1990). Household chaos has previously been found to act as a mediator between 

caregiver depression and child outcomes (Hur et al., 2015). One further explanation for our 

findings could be the higher levels of stress experienced by adults in high chaos households 

(Bodrij et al., 2021), and associated lower levels of sensitivity (Andeweg et al., 2020). Yet, 

we note that there was no association with anxiety in our sample. 

Overall, our present results suggested that, in infants from high chaos households, infant 

vocalisations tend to lose the functional significance that they originally held; and that this is 

in some way related to caregiver responsiveness; meaning that autonomic regulation 

following a stressor was slower. But other work from our group has shown that, in a general 

population, moments of high infant arousal were more likely to be accompanied by infant 

vocalisations, and by high intensity and negative affect vocalisations, including cries; and that 

this served as a mechanism for co-regulation across the dyad (Wass et al., 2021). 

Understanding how arousal level and vocalisations likelihood relate to caregiver responsivity 

across typical and atypical development is an important goal for future research. Relatedly, 

longitudinal studies are needed to examine the association between infant arousal, 

vocalisations, and caregiver responsivity across development; how, for example, do 

vocalisations become functionally flexible over time, what is the relationship between 

functional flexibility and arousal, and how is this affected by caregiver responsiveness and 

psychopathological symptoms?  
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In summary, our data suggest that caregiver responsiveness largely shapes infant’s 

communication of their distress, and that this influence may lead to adverse outcomes in high 

chaos households. In these households, infant vocalisations (in particular negative 

vocalisations and high intensity vocalisations) are not more likely to occur at times when 

infant arousal is elevated, and they do not elicit responsiveness in the caregiver. Our findings 

also suggest that vocalisations are an important driver of co-regulation: when sender-receiver 

communicative behaviours are finely attuned, which seems to be favoured by a less chaotic 

environment, vocalisations elicit caregiver responsiveness, aiding recovery in the infant.  
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1 Supplementary Methods 
 

2 Experimental participant details 
 
This sample size was selected prior to the commencement of the study based on power 
calculations presented, and approved by peer review, in the funding application that supported 
this work (ESRC ES/N017560/1). Exclusion criteria included: complex medical conditions, 
skin allergies, heart conditions, parents below 18 years of age, and parents receiving care from 
a mental health organisation or professional. Full demographic details of the participants are 
given below. 
 

 
Whole 
sample 

Low 
CHAOS 

High 
CHAOS 

Infant age (days) – mean 354.5 353.7 355.3 
                   - SE  4.6 6.8 7.8 
 
Gender (% male) 39.3 

 
37.8 

 
43.2 

     
Infant Ethnicity (%) White British 50.0 48.6 51.4 

 Other white 10.5 8.1 13.5 

 Afro-Caribbean 9.2 13.5 5.4 

 Asian, Indian & Pakistani 10.5 13.5 8.1 

 Mixed - White/Afro-Carib 2.6 2.7 2.7 

 Mixed - White/Asian 7.9 8.1 8.1 

 Other mixed 9.2 5.4 10.8 

     
Household Income (%) Under £16k 30.3 37.8 24.3 

 £16-£25k 27.6 27.0 27.0 

 £26-£35k 11.8 10.8 13.5 

 £36-£50k 11.8 13.5 10.8 

 £51-£80k 10.5 2.7 16.2 

 >£80k 7.9 8.1 8.1 

     
Maternal education 
(%) Postgraduate 32.9 

 
43.2 

 
21.6 

 Undergraduate 50.0 40.5 59.5 

 FE qualification 2.6 5.4 0 

 A-level 3.9 2.7 5.4 

 GCSE 5.3 8.1 2.7 

 No formal qualifications 2.6 0 5.4 
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Table S1: Demographic details for: a) the whole sample; b) and c) – data subdivided into 
low/high CHAOS groups using a median split, as described in the main text.  
 
1.2 CHAOS questionnaire results 

 
Figure S1: Histogram of CHAOS questionnaire results 
 

2.3 Heart rate data  
 
ECG was recorded at 250Hz. To ensure good quality recordings, the ECG device was attached 
using standard Ag-Cl electrodes, placed in a modified lead II position. Due to technical 
problems with the ECG recording leads (N=9) and to problems with attaching the ECG 
recording electrodes securely (N=2), the ECG data were unavailable for 11 of the 93 
participants originally tested.  
 
To ensure the accuracy of these recording devices, they were cross-validated by recording heart 
rate and heart rate variability using both the new devices at home and established recording 
devices (a Biopac MP150 amp recording at 2000Hz) in lab settings. High reliability was 
observed both for heart rate (rho=.57, p<.001) and heart rate variability (rho=.70, p=.01). 
 
Analysis of the Inter-Beat Intervals (IBIs) was performed using custom-built Matlab scripts. 
These scripts were designed through an extensive piloting process to be optimal for the ECG 
device used for this study. First, data were parsed using a simple amplitude threshold (see e.g. 
(Aurobinda, Mohanty, & Mohanty, 2016) for a similar approach), with R peaks identified as 
moments where the raw ECG signal exceeded the threshold value. Initially, the threshold value 
was set high; the same process was then repeated at incrementally decreasing thresholds.  
 
At each threshold value, the R peaks identified were automatically subjected to the following 
checks. These threshold values were set following extensive piloting and visual inspection of 
our infant ECG data using the visualisation shown in Figure S2. i) minimum temporal 
threshold: does the R peak occur at a time interval of greater than 300 msecs since the previous 
R peak (corresponding to a heart rate of 200 BPM); ii) maximum temporal threshold: does the 

 Other 1.3 0 2.7 
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R peak occur at a time interval of less than 850 msecs since the previous R peak (corresponding 
to a heart rate of 70 BPM); iii) maximum rate of change: when we calculate the R to R interval 
between this peak and the subsequent peak, and compare it with the R to R interval between 
this peak and the previous peak, is this difference less than 300msecs? In setting these threshold 
values, careful attention was paid to visual inspection to determine the maximum and minimum 
‘genuine’ heart rates observed in our infant data; in setting the maximum rate of change 
criterion, careful attention was paid to identify the maximum rate of vagally mediated heart 
rate changes in infants. 
 
Figure S2 shows a sample screenshot from the Matlab processing algorithm that was used. Two 
separate types of artefact are shown. The first, highlighted by the call-out figures at a and d, 
are instances where the ECG signal for a particular beat was lower than the threshold, and a 
genuine beat was missed. It can be seen that in both instances, the R peaks either side of this 
missing beat have been automatically identified, and excluded. These artifacts were identified 
based on the maximum temporal threshold criterion in example a and d, and additionally based 
on the maximum rate of change criterion in example d. The second, highlighted by the call-out 
figures at b and c, are instances where the ECG signal exceeded the amplitude threshold, and 
an incorrect R peak was identified. In both instances, the incorrect beat has been identified 
based on the minimum temporal threshold criterion, and the R peaks either side of this incorrect 
beat have been identified and excluded. Please note also that the sample below has been 
selected in order to demonstrate how the program identified the most common artefacts in the 
data. Overall, the occurrence of both types of artefact in our data is relatively rare, as is shown 
in Figure S3, below.  
 
These three criteria were applied separately to data after it had been parsed at each threshold 
value. Following this, at each threshold value, the proportion of candidate R peaks that were 
rejected was compared with the proportion of candidate R peaks that passed all three criteria. 
The threshold value with the lowest proportion of rejected candidate R peaks was chosen as 
the threshold used for that participant.  
 
In addition, and as a further check, a trained coder who was naïve to study hypotheses double 
coded a randomly selected subsample of 1000 beats for 20% of the participants, coding them 
as genuine or artefactual. Cohen’s kappa was calculated to measure inter-rater reliability 
between the manual coding and the automatic coding, based on the best-fitting threshold level. 
This was found to be 0.97, which is high (McHugh, 2012).   
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Figure S2: Sample screenshot from ECG parsing algorithm. 60 seconds’ data is shown. From 
top to bottom: i) raw ECG signal. Coloured dots show the results of the three checks described 
in the main text, below (see legend); ii) smoothed second derivative of ECG signal. This 
measure was not used as our pilot analyses found it to be less effective than applying the 
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processing to the raw signal; iii) raw (unprocessed) actigraph data. This information was only 
used for visual inspection, and was not used in parsing; iv) RR intervals (in BPM), with rejected 
data segments excluded.  
 
Figure S2 below shows a histogram of the proportion of candidate R peaks rejected for each 
participant, based on the best-fitting threshold value. The median (st. err.) is 1.07 (0.36) % data 
rejected. This relatively low figure was achieved through very close attention during the 
piloting phase to the selection and placement of the ECG electrodes, to the design of the device, 
and the gain settings on the recording device. 
 
 

 
Figure S3: Histogram showing the proportion of rejected R peaks (as identified using the three 
criteria described above). 
 
 

1.4 Heart-Rate Variability (HRV) 
 
HRV was calculated using the PhysioNet Cardiovascular Signal Toolbox (Vest et al., 2018). 
In these scripts, which performed a completely separate analysis of the ECG data, a 60-second 
window with an increment of 60 seconds was implemented, and the default settings were used 
with the exception that the min/max inter-beat interval was set at 300/750 ms for the infant data 
and 300/1300 ms for the adult data. The Root Mean Square of Successive Differences 
(RMSSD) measure was taken to index Heart Rate Variability, but other frequency domain 
measures were additionally inspected and showed highly similar results, as expected (Vest et 
al., 2018). 
 
 

1.5 Actigraphy 
 
Actigraphy was recorded at 30Hz. To parse the actigraphy data we first manually inspected the 
data, then corrected artifacts specific to the recording device used, then applied a Butterworth 
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low-pass filter with a cut-off of 0.1 Hz to remove high-frequency noise, and then averaged 
from three dimensions into one. Actigraphy data were available for all participants tested.  
 
 

2.6 Arousal composite 
 
Previous research has shown significant patterns of tonic and phasic covariation between 
different autonomic measures collected from infants (Wass, Clackson, & de Barbaro, 2016; 
Wass, de Barbaro, & Clackson, 2015). Here, we include plots showing that the present dataset 
replicated and extended these results. The plots only show the sections of the data when 
participants were at home, comparing sections in which the infants were awake and asleep. 
Figure S2a shows cross-correlation plots examining the relationship between heart rate and 
movement. In both waking and sleeping sections the zero-lag correlation is 0.5. Figure S2c 
shows how these zero-lagged correlations vary on a per-participant basis. S2b shows an 
illustrative sample from a single participant. Sleeping sections show very low movement levels 
and lower heart rate. Of note, heart rate and movement do still inter-relate during the sleeping 
sections of the data (Figure S2c), albeit that the variability in heart rate and movement is lower. 
Figure S2 d)-f) show similar relationships between heart rate and heart rate variability, 
illustrating the strong and consistent negative relationships that were observed between these 
variables, as predicted.   
 
 

 
Figure S4: Illustrating the relationship between the individual physiological measures 
included in the composite measure. a) Cross-correlation of the relationship between HR and 
Movement. b) Scatterplot from a sample participant. Each datapoint represents an individual 
60-second epoch of data. c) Histograms showing the average zero-lagged correlation between 
60-second epochs, calculated on a per-participant basis and then averaged. d)-f) Equivalent 
plots for Heart rate and Heart rate variability.  
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Extensive previous research has identified fractionation, and differentiation, within our 
autonomic response systems (Janig & Habler, 2000; Kreibig, 2010; Lacey, 1967; Levenson, 
2014; Quas et al., 2014) – suggesting, for example that the sympathetic and parasympathetic 
subdivisions operate, to an extent, in a non-additive manner (Samuels & Szabadi, 2008). 
Although indubitable, these findings should be seen as rendering incorrect our treatment here 
of autonomic arousal as a one-dimensional construct. Like many other arguments concerned 
with general versus specific factors, the question is rather one of the relative proportions of 
variance that can be accounted for by a single common factor in comparison with the variance 
accounted for by the sum of specific factors (Graham & Jackson, 1970) (see also (Calderon, 
Kilinc, Maritan, Banavar, & Pfaff, 2016)). 
 
As a result of these considerations, the three autonomic measures were collapsed into a single 
composite measure for Analysis 1. To do this, the actigraphy data was first subjected to a log 
transform (Thomas & Burr, 2008), to correct the raw results, which showed a strong positive 
skew (Wass et al., 2016; Wass et al., 2015) (see also SM section 1.6, below). Second, all three 
variables were converted to z-scores. Third, the HRV data were inversed because of the overall 
negative relationships noted between HRV and the other two measures (see Figure S4). Fourth, 
the three z-scores were averaged.  
 
On the occasions where heart rate data were excluded due to artifact, data from actigraphy 
alone was used for the composite variable. Note that these occasions were relatively rare 
(accounting for a median ~=1% of all data - see Figure S3), and that the zero-lag cross-
correlation between movement and heart rate across all available data was high (~=.5 – see 
Figure S4).   

 
 

1.7 Removal of autocorrelation from arousal data 
 
Autonomic arousal data are known to show autocorrelation (Wass et al., 2016). In order to 
preclude the possibility that differences in the autocorrelation may have influenced results, the 
autocorrelation was removed from the data prior to performing all calculations, using the 
following procedure. First, best-fit bivariate polynomials were calculated for the two time 
series independently, in order to remove linear and quadratic trends, and the residuals obtained 
were subjected to the Dickey-Fuller test to check that they showed stationarity, which they did. 
The residuals were used in subsequent analyses. Next, in order to remove the autocorrelation 
component from each time series independently, univariate autoregressive models were fitted 
to each time series, and the residuals were calculated (see e.g. Feldman, Greenbaum, & 
Yirmiya, 1999; Feldman, Magori-Cohen, Galili, Singer, & Louzoun, 2011; Jaffe et al., 2001; 
Suveg et al., 2016 for similar approaches). The residual values (shown in Figure 1) were 
converted into z-scored values. These z-scored values were then used for all analyses. The only 
exception to this is the analyses specifically examining changes in autocorrelation relative to 
vocalisations, for which the raw uncorrected data were used.  
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2.8 Home/Awake coding 
 
1.8.1 Home/not home  
Coding of when participants were at home was performed using the GPS monitors built into 
the recording devices. The position of the participant’s home was calculated based on the 
postcode data that they supplied, and any GPS samples within a 50m area of that location were 
treated as Home (corresponding to the accuracy of the GPS devices that we were using).  
 
1.8.2 Sleeping/waking  
To identify samples in which infants were sleeping, parents were asked to fill in a logbook 
identifying the times of infants’ naps during the day. This information was manually verified 
by visually examining the actigraphy and ECG data collected, on a participant by participant 
basis. Actigraphy, in particular, shows marked differences between sleeping and waking 
samples (see Figure 1 in main text), which allowed us to verify the parental reports with a high 
degree of accuracy. N=4 of the participants recorded did not sleep during the day that we were 
recording.  

 

2.9 Vocal intensity coding 
 
The same analysis as described for the vocal affect coding in the manuscript was conducted to 
code intensity on a scale from 1 (least intense) to 9 (most intense), and the same criteria were 
used to collapse these into low intensity/neutral/high intensity. In order to assess inter-rater 
reliability, 24% of the sample was double coded; Cohen’s kappa was 0.60, which is considered 
acceptable (McHugh, 2012). All coders were blind to intended analyses. 
 
 

3 Permutation-based clustering analyses 
 
To estimate the significance of the time-series relationships in the results, a permutation-based 
temporal clustering approach was used. This method examines temporally contiguous patterns 
of change in instances where the centre-point of the expected response window is unknown, or 
unimportant (Maris & Oostenveld, 2007). In each case, the test statistic (always specified in 
the text) was calculated independently for each time window. Series of significant effects 
across contiguous time windows were identified using an alpha level of .05. 1000 random 
datasets were then generated with the same dimensions as the original input data. To ensure 
that the same level of autocorrelation was present in the simulated data as in the original 
datasets, multivariate autoregressive models were fitted to each sample included in the original 
dataset using the Matlab function ARfit.m (Neumaier & Schneider, 2001), and the matching 
AR parameters were used to generate each of the random datasets using the Matlab function 
ARsim.m (Neumaier & Schneider, 2001). Then, the same sequence of analyses was repeated, 
and the longest series of significant effects across contiguous time windows was identified. 
The results obtained from the random datasets were used to generate a histogram, and the 
likelihood of observed results have been obtained by chance was calculated by comparing the 
observed values with the randomly generated values using a standard bootstrapping procedure. 
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Thus, a p value of <.01 indicates that an equivalent pattern of temporally contiguous group 
differences was observed in 10 or fewer of the 1000 simulated datasets created. 
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4 Supplementary Results 

2.1 Part 2a – repeated with quartile split by household chaos 
 

 
Figure S5: Identical to Figure 3, but based on a quartile split by household chaos.  
 

2.2 Part 2b – repeated with quartile split by household chaos 
 

 
Figure S6: Identical to Figure 4, but based on a quartile split by household chaos.  
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2.3 Part 3 – repeated with quartile split by household chaos 
 

 
Figure S7: Identical to Figure 6, but based on a quartile split by household chaos.  
 
 

2.4 Part 3 - Caregiver arousal changes around low- and high-intensity infant 
vocalisations 
 

 
Figure S8: Identical to Figure 6 but examining caregiver arousal changes to infant 
vocalisations subdivided by vocal intensity. a) and b) show results broken down using a 
median split by household chaos. c) and d) show the same analysis, but subdivided using a 
quartile split by household chaos.   
 
 
 


