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Abstract
The aim of this study was to examine the concurrent and predictive relations between healthy toddlers’ pain behavior and cardiac
indicators (ie, heart rate [HR] and respiratory sinus arrhythmia [RSA]) during routine vaccinations. Caregiver–infant dyads were part of
a longitudinal cohort observed during their 12- and 18-month vaccinations. Behavioral and cardiac data were simultaneously collected
for 1-minute preneedle and3-minutes postneedle. Videotapeswere coded for pain behaviors (FLACC;Merkel et al., 1996), and cardiac
data were analyzed (HR, RSA) during sequential 30-second epochs. Four separate cross-lagged path models were estimated using
data from the 12- (n5 147) and 18-month (n5 122) vaccinations. Across 12- and 18-month vaccinations, predictive within-measure
relations were consistent for FLACC, HR, and RSA, reflecting good stability of these pain indicators. Behavioral indicators predicted
subsequent HR and RSA within the immediate postneedle period. Both baseline behavior and HR/RSA predicted future pain scores.
Concurrent residual relations between behavioral and cardiac indicators were inconsistent across time and indicators. Results suggest
that behavioral and cardiac indicators reflect unique aspects of the nociceptive response. As such, multimodal assessment tools
should be used and contextualized by child age, cardiac indicator, baseline behavior/physiology, and pain phase.
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1. IntroductionAQ:4

It is well established that very young children can experience pain,
with pain transmission pathways in the brain being fully de-
veloped by 22 to 24 weeks of gestation.49 Exposure to repeated
painful experiences in infancy has been reliably linked to altered
brain development and pain intensity as well as poor early
neurodevelopment and quality of cognitive and motor develop-
ment.48,54 A challengewith painmanagement in young children is
that despite knowing that early painful experiences impact
a child’s physical and neuropsychological development, there is
currently no gold-standard pain indicator because reliable self-
report does not occur until approximately 6 to 7 years of age.56

When infants and young children are hospitalized, in the absence
of self-report measures, current clinical pain scoring systems rely on
multiple indicators that incorporate behavioral (eg, facial expression
and body movements) and physiological responses (eg, heart rate
[HR] and oximetryAQ:5 ).45 Although some indicators have been validated
in clinical samples,10,20,22,25,38 scores derived from these indicators

have not consistently convergedwith pain-specific cortical activity.50

This discrepancy reflects the possibility that behavioral and
physiological measures of pain-related distress each represent
important, unique information about the nociceptive response in
infancy and toddlerhood.11

In most empirical work focusing on underlying physiological
components of distress, maturation of the autonomic nervous
system is highlighted as fundamental for emotion regulation.46

Indeed, pain scales that include both behavioral and cardiac
indicators are pervasive in the hospital setting. However, little
research has examined how behavioral and cardiac responses to
acutely painful procedures converge after the first 4 months of life.58

Results from the little available research are equivocal with studies
finding small-to-moderate positive correlations34,44 or describing
nonsignificant or divergent responses after acute pain.16,45 Longi-
tudinal research examining behavioral pain-related distress
responses in infancy found differences in behavioral pain-related
distress by 12 months of age, which were posited to be due to trait-
like differences in negative affect regulation, distress, or pain
responding.41 The sensitivity of cardiac indicators in response to
acute pain in later infancy and toddlerhood is unknown. This
association is the focus of the current analyses.

Roué et al.45 have called for more research on improving
measurement of behavioral and physiological responses to best
encompass an infant’s pain-related distress. However, the conver-
gence of different indicators first needs to be established in healthy
samples to provide a knowledge base.45 The current study
examines the predictive and concurrent within- and between-
measure and contextual (ie, baseline responses and time since last
feeding and nap) relations between toddlers’ expressed pain
behaviors and cardiac responses (ie, HR and RSA) during 12- and
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18-month vaccinations. Predictive and concurrent relations were
examined because recent research has found that individual
differences in expressed emotion are associated with differences
in cardiac reactivity and recovery across distressing events (ie, anger
induction) in toddlerhood.26 The 12- and 18-month ages were
investigated separately because cognitive and physical develop-
ment has been characterized by more differentiated behavioral and
physiological responses at 18 months than at 12 months.1,31 We
hypothesized that preceding expressed pain-related responses
(behaviors or cardiac responses) would predict subsequent
expressed pain-related responses (behaviors or cardiac responses)
within an indicator (eg, behavior predicting behavior), given that
previous research in typically developing infants has found that earlier
infant pain behavior is a strong predictor of subsequent infant pain
behavior within the immunization context.9 Small associations have
been found between expressed emotion and cardiac indicators of
distress (ie, fear and frustration) measured concurrently (ie, during
the same visit) in toddlerhood.57 As such, we hypothesized that
expressed pain-related responses (behaviors or cardiac responses)
would predict subsequent expressed pain-related responses
between indicators (eg, behavior predicting HR). Because HR and
RSA reflect largely sympathetic and parasympathetic functioning,
respectively,4,6 we hypothesized positive relations between behavior
and HR and negative relations between behavior and RSA.

2. Method

2.1. Participants

Ethical approval was obtained through the research ethics review
board at the participating university. After agreeing to speak to
a researcher about the study, caregivers were approached by
a research assistant who explained the study and then asked
them to sign informed consent forms.

The data are part of an ongoing longitudinal study in which
caregiver–toddler dyads were recruited from 2 pediatric clinics in
the greater Toronto area and observed with a cohort-sequential
design during vaccinations over the second year of life (12, 18, and
24months). Toddlers were recruited at 12 or 18months of age. Of
the 374 families approached for recruitment at 12 or 18months, 41
were ineligible based on exclusion criteria (ie, childwas hospitalized
in a neonatal intensive care unit, was more than 3 weeks
premature, suspected of a developmental delay, had a known
heart condition, or the caregiver was not fluent in English). In total,
158 and 122 caregiver–toddler dyads were successfully recruited
at the 12- and 18-month vaccinations, respectively. A total of 72
participants were observed at both the 12- and 18-month
vaccinations.½T1" Table 1 lists demographic characteristics of the
participants included. Overall, participants were healthy, from
middle-class families, and had well-educated caregivers.

Participants had diverse cultural backgrounds. Many of the
primary caregivers were born in Canada (59%), yet a substantial
percentage of caregivers were born outside of Canada (Asia
[23%], Europe [9%], South America [6%], Australia [2%], or
United States [1%]). In addition, their rating of acculturation
suggested an integrated cultural background, with strong
identification with both their heritage culture (a culture that
influenced generations of their family) and mainstream Canadian
culture (the culture in which they currently live).

2.2. Procedure

Caregivers filled out a short demographic questionnaire before
each vaccination appointment. During each vaccination, caregiver–
toddler dyads were simultaneously videotaped and connected to

equipment to measure their HR before and after the child’s
vaccinations. Based on methodology from a previous longitudinal
infant cohort followed during their well-baby visits,41 at both the 12-
and 18-month vaccinations, toddlers were observed 1 minute
before, immediately after the final needle, 1 minute after the final
needle, and 2 minutes after the final needle. Noldus andMindWare
technologies were used to synchronize acquisition and analysis of
the physiological data and video recordings. The dyads were
observed with minimal interference from the research team aside
from videotaping and the cardiac monitoring procedures. At both
the 12- and 18-month vaccinations, caregivers were given a sheet
outlining evidence-based pain management strategies (3 Ps of
Helping your Child during Vaccinations A Parent’s Guide: Children
over 1 year old52).

2.3. Measures

2.3.1. Caregiver demographic information

Caregivers were asked to complete a short demographic
questionnaire that asked for caregiver age, relation to the child,
self-reported heritage culture, and child age and sex. Caregivers
were also asked to report important infant factors that are known
to impact physiological indicators,36,52 such as time since last
feeding and since last nap (parent report in minutes).

2.3.2. Pain behaviors

The Face, Legs, Activity, Cry, Consolability coding system
(FLACC32) was used to assess the degree of behavioral pain
across the vaccination appointments. The degree of behavioral
pain was measured with 5 types of pain behaviors (face, legs,
activity, cry, and consolability) during 7 different epochs (60 to 1
second before the first needle [FLACCB]; 0-29 seconds
immediately after the last needle [FLACC0]; 30-59 seconds after
the last needle [FLACC1]; 60-89 seconds after the last needle
[FLACC2]; 90-119 seconds after the last needle [FLACC3]; 120-149

Table 1

Demographic information.

Frequency (%)

12 mo
(n 5 158)

18 mo
(n 5 122)

Sex of infant
Male 81 (54.4) 68 (58.1)
Female 68 (45.6) 49 (41.9)

Relationship to infant
Mother 127 98
Father 12 17
Other 1 1

Education
Graduate school/professional training 72 55
University graduate (4 y) 42 39
Partial university (at least 1 y) 4 3
Trade school/community college 15 11
High school graduate 2 1

Age 35.91 (5.19) 36.63 (6.19)

Acculturation status
Way of life reflects heritage culture 6.63 (2.79) 5.66 (2.43)
Way of life reflects mainstream North
American/Canadian culture

7.62 (2.28) 7.75 (1.66)

Certain data points were missing, and as a result do not add to the total sample size at 12 and 18 months.
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seconds after the last needle [FLACC4]; and finally, 150-179
seconds after the last needle [FLACC5]). Each behavior was
scored with a 0 to 2 scale (eg, on the Face scale, no expression or
smile is scored 0, occasional observations of certain facial
expressions [ie, grimace, frown], or the child being withdrawn is
scored 1, and constant frown, clenched jaw, or quivering chin is
scored 2), resulting in possible total scores between 0 and 10 for
each epoch. There were no significant differences between the
two 30-second baseline epochs, and so they were averaged to
provide a more robust baseline indicator. Moderate to high
concurrent validity as well as item-total and interrater reliability
has been demonstrated for FLACC scores in the acute pain
context.33 To ensure high reliability, coders were trained by
a primary FLACC coder. A total of 20% of the sample was
reliability-coded throughout the coding process, with unreliable
codes (ie, intraclass correlation for a given epoch below 0.8) being
consensus coded with the primary and reliability coders present.
This is a rare occurrence because interrater reliability between the
coders was high (intraclass correlations between 0.9 and 0.93).
The coders were blinded to the study hypotheses.

2.3.3. Cardiac indicators: heart rate and respiratory sinus
arrhythmia

Cardiac data were collected continuously using MindWare
ambulatory monitors (MW 1000A) at a sampling rate of 500 Hz.
Three adhesive electrodes collected electrocardiography (ECG),
with one electrode placed above the right shoulder blade, one
electrode placed on the bottom‐most left rib, and a ground
electrode placed on the bottom‐most right rib. Using MindWare
BioLab 3.3, ECG signals were continuously acquired. Electro-
cardiography data were edited in MindWare HRV 3.1.5, with HR
computed through identification of R-waves, and spectral
analysis of the ECG data being used to compute respiratory
sinus arrhythmia (RSA).4 We used a frequency band of 0.24 to
1.04 Hz to quantify RSA within the range of spontaneous
respiration in young children.22 To ensure high reliability, coders
were trained by an experienced primary coder. A total of 20% of
the sample was reliability-coded throughout the coding process,
with unreliable codes (ie, intraclass correlation for a given epoch
below 0.9) being recoded after consultation with the primary
coder. The coders were blinded to the study hypotheses, and
interrater reliability between the coders was high (intraclass
correlations between 0.95 and 0.99).

Trained coders identified any misidentified R-waves from the
raw physiological data. Editing issues (eg, cutting segments of
data and identifying R-waves on data with artifact) were
addressed and corrected in consultation with the experienced
primary coder. In the case of artifact, the decision to include the
data was made on an epoch‐by‐epoch basis in consultation with
the primary coder. The primary reason for excluding an epoch of
HR/RSA data was serial missing R‐waves (where a “midbeat”
could not be estimated). In all cases, the key decision rule was
whether edited epochswere consistent with the individual’s other
portions of data.½T2" Table 2 provides a breakdown of the reasons
toddlers’ HR/RSA data were not used, that were not a result of
editing challenges. The amount of artifact editing did not exceed
5%anddid not systematically relate to any of the studymeasures.

Cardiac values (ie, HR and RSA) were calculated during 7
different epochs (60 to 0 seconds before the first needle [HRB,
RSAB]; 0-30 seconds immediately after the last needle [HR0,
RSA0]; 30-60 seconds after the last needle [HR1, RSA1]; 60-90
seconds after the last needle [HR2, RSA2]; 90-120 seconds after
the last needle [HR3, RSA3]; 120-150 seconds after the last

needle [HR4, RSA4]; and 150-180 seconds after the last needle
[HR5, RSA5]). Because there were no significant differences
between two 30-second baseline epochs, they were collapsed to
provide a more robust baseline indicator. Inclusion of a 60-
second baseline epoch is consistent with the Task Force
standards of measurement, physiological interpretation, and
clinical use of HRV data,35,53 which states that approximately 1
minute of data are needed to assess the high-frequency
components of HRV (ie, RSA). Heart rate indicators significantly
differed across 30-second postneedle epochs, and thus no
postneedle epochs were combined.

2.4. Analysis plan

To examine reciprocal influences on toddler’s expressed pain
behaviors and cardiac responses (ie, HR, RSA) in the 12- and 18-
month vaccination contexts, 4 autoregressive cross-lagged path
models [see Ref. 28 for review of the statistical approach]
( ½F1# F4"Figs. 1–4) were estimated using structural equation modeling
software using a robust full-information maximum likelihood
estimator to incorporate incomplete cases and account for the
degree of nonnormality in the data. These models were specified
so that for both toddlers’ behavioral pain and cardiac responses,
3 types of relations were examined simultaneously: (1) Predictive
Within-Measure: the prediction of behavioral pain response (or
cardiac response) from the behavioral pain response (or cardiac
response) that directly preceded it (eg, RSA immediately
postneedle [RSA0] predicting RSA 30 seconds after the needle
[RSA1]); (2) Predictive Between-Measure: the prediction of
a behavioral pain response (or cardiac response) from the cardiac
response (or behavioral pain response) that directly preceded it
(eg, HR immediately postneedle [HR0] predicting behavioral pain
30 seconds after the needle [FLACC1]); (3)Concurrent (Residual)
Between-Measure: the concurrent residual relations between
behavioral pain response and cardiac responses at baseline and
each of the 6 postneedle epochs, after controlling for their
predictors in themodel (eg, behavioral pain response immediately
after the last needle [FLACC0] with RSA immediately after the last
needle [RSA0], after accounting for baseline variables).

A final analysis examined contextual factors that may
impact the relation between behavioral pain and cardiac
responses. Specifically, baseline responses (ie, baseline
behavioral pain responses, baseline HR, and baseline RSA)
were included in the initial autoregressive cross-lagged
models as covariates, given that the Law of Initial Value

Table 2

Reasons for cardiac data not being usable.

Frequency

12 mo 18 mo

Complete 129 101

Device malfunction 19 15

Timing 5 4

No needle 2 2

Blocked 1 0

Electrode removed 1 4

Declined stickers 0 1

Lost to follow-up 0 23

Refused 0 14
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asserts that the size of a psychophysiological response
depends on the initial baseline level of the measure.5 In
addition, level of arousal has recently been shown to be

a determinant of pain-related brain activity.24 Calculation of
baseline responses was outlined in sections 2.3.2 and 2.3.3.
Time since last feeding and time since last nap (in minutes)

Figure 1. Autoregressive cross-lagged path model: relations between behavioural pain scores and heart rate during 12-month vaccination. Solid paths are
significant with P , 0.01. Nonsignificant paths are dashed.

Figure 2. Autoregressive cross-lagged path model: relations between behavioural pain scores and respiratory sinus arrhythmia during 12-month vaccination.
Solid paths are significant with P , 0.01. Nonsignificant paths are dashed.
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Figure 3. Autoregressive cross-lagged path model: relations between behavioural pain scores and heart rate during 18-month vaccination. Solid paths are
significant with P , 0.05. Nonsignificant paths are dashed.

Figure 4. Autoregressive cross-lagged path model: relations between behavioural pain scores and respiratory sinus arrhythmia during 18-month vaccination.
Solid paths are significant with P , 0.01. Nonsignificant paths are dashed.
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were also included in the initial model as covariates because
these factors are known to impact infant physiology.36,58

3. Results

½T3# T4" Tables 3 and 4 present the mean values and SDs of all variables
in the 12- and 18-month½T5# T8" models, and Tables 5–8 present the
correlations among all variables in the 12- and 18-month models.
Because full-information maximum likelihood was used, the
models were fitted to 147 and 122 participants at 12 and 18
months, respectively.

3.1. The relations between toddlers’ behavioral and cardiac
responses during 12-month vaccinations

3.1.1. Relations between pain behaviors and heart rate

The autoregressive cross-lagged path model in Figure 1 fits the
data adequately (CFI 5 0.94; RMSEA 5 0.08). Standardized
estimates of significant paths are reported in Figure 1, and all
standardized½T9" and unstandardized estimates are reported in
Table 9.

3.1.1.1. Predictive within-measure

Across the vaccination period at 12 months, each postneedle
behavioral response significantly positively predicted the sub-
sequent behavioral response (standardized Bs 5 0.63-0.72),

and each postneedle HR response significantly positively
predicted the subsequent HR response (standardized Bs 5
0.70-0.91).

3.1.1.2. Predictive between-measure

Higher HR preneedle (HRB) significantly predicted a lower
behavioral pain response immediately after the vaccination
(FLACC0) (standardized B 5 20.19, P 5 0.05). As well, higher
HR 90 seconds after the vaccination (HR3) significantly predicted
a higher behavioral pain response 120 seconds after the
vaccination (FLACC4) (standardized B 5 0.23, P 5 0.01). No
other HR epoch significantly predicted behavioral pain scores
across the vaccination period. Next, a higher behavioral pain
response immediately after the vaccination (FLACC0) significantly
predicted toddlers’ HR 30 seconds after the vaccination (HR1)
(standardized B 5 0.25, P , 0.001). None of the other 6
behavioral pain response epochs significantly predicted sub-
sequent HR responses.

3.1.1.3. Concurrent (residual) between-measure

Heart rate and behavioral pain responses remained significantly
positively related controlling for their predictors in the model at
each epoch (residual rs 5 0.42-0.58); however, the concurrent
residual relations were not significant immediately (residual r 5
0.12, P5 0.19) or 60 seconds (residual r5 0.23, P5 0.09) after
the vaccination.

Table 3

Mean values and SDs of variables used for 12-month models.

Mean SD Scale range

Time since last feeding (min) 103.97 74.94 0-420

Time since last nap (min) 110.40 76.71 0-390

FLACCB 1.68 1.83 0-8

FLACC0 7.30 1.55 1-10

FLACC1 6.28 2.5 0-10

FLACC2 5.21 2.86 0-10

FLACC3 4.2 2.85 0-9.5

FLACC4 3.39 2.84 0-9.5

FLACC5 3.03 2.85 0-9

HRB 129.92 13.94 81.17-180.48

HR0 150.82 21.40 84.54-207.41

HR1 154.59 22.90 77.45-191.58

HR2 146.06 20.90 85.89-195.91

HR3 140.36 18.66 84.12-193.89

HR4 136.38 17.53 80.03-183.94

HR5 134.07 17.08 77.54-191.58

RSAB 3.89 1.18 1.12-7.85

RSA0 4.23 2.23 0-9.69

RSA1 2.99 1.54 0-6.71

RSA2 3.43 1.32 0.11-6.81

RSA3 3.87 1.23 0.64-7.32

RSA4 3.81 1.13 0.88-6.36

RSA5 3.93 1.31 1.04-8.66

FLACC, Face, Legs, Activity, Cry, Consolability scale; HR, heart rate (beats per minute); RSA, respiratory sinus
arrhythmia.

Table 4

Mean values and SDs of variables observed at 18-month
models.

Mean SD Scale range

Time since last feeding (min) 100.12 61.16 0-300

Time since last nap (min) 148.83 85.70 0-420

FLACCB 2.81 2.71 0-9.75

FLACC0 6.46 2.11 0-9

FLACC1 5.10 2.91 0-9.38

FLACC2 4.37 2.90 0-9

FLACC3 3.81 2.84 0-9.17

FLACC4 3.38 2.82 0-9.5

FLACC5 3.34 2.02 0-10

HRB 132.01 17.5 102.78-186.02

HR0 147.80 23.27 98.66-198.20

HR1 146.74 23.65 97.86-193.38

HR2 143.02 21.70 100.64-188.08

HR3 136.20 20.39 105.18-191.65

HR4 133.68 18.48 99.82-179.83

HR5 132.24 16.53 103.18-170.58

RSAB 4.00 1.26 1.22-7.08

RSA0 4.02 1.92 0-7.58

RSA1 3.45 1.75 0.14-8.15

RSA2 4.43 1.45 0-7.45

RSA3 4.02 1.52 0.18-7.91

RSA4 4.02 1.52 0.49-7.59

RSA5 4.12 1.38 1.12-6.90

FLACC, Face, Legs, Activity, Cry, Consolability scale; HR, heart rate (beats per minute); RSA, respiratory sinus
arrhythmia.
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3.1.1.4. Contextual factors

At 12 months, baseline pain behaviors (FLACCB) significantly
predicted subsequent pain behaviors immediately (FLACC0) after
the vaccination (standardized B 5 0.40, P , 0.001). Time since
last nap (standardized B 5 20.06, P 5 0.44) and last feeding
(standardized B 5 0.05, P 5 0.46) did not significantly predict

pain behaviors (FLACC0) immediately after the vaccination.
Baseline HR (HRB) significantly predicted HR immediately (HR0)
after the vaccination (standardized B 5 0.47, P , 0.001). Time
since last nap (standardized B 5 20.00, P 5 0.98) and last
feeding (standardized B 5 20.02, P 5 0.78) did not significantly
predict HR (HR0) immediately after the vaccination.

Table 5

Correlations among heart rate variables observed at 12 months.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1. Time since last feeding — 0.11 0.02 0.01 20.07 20.15 20.10 20.86 20.13 0.09 0.08 0.11 0.07 0.05 0.05 0.00

2. Time since last nap — 0.02 0.00 0.02 0.07 0.02 0.06 20.04 0.23* 0.02 0.25* 0.16 0.05 0.18 0.13

3. HRB — 0.57* 0.49* 0.53* 0.60* 0.65* 0.60* 0.56* 0.03 0.11 0.14 0.14 0.25* 0.15

4. HR0 — 0.72* 0.61* 0.51* 0.47* 0.42* 0.40* 0.18 0.14 0.20* 0.12 0.15 0.14

5. HR1 — 0.85* 0.74* 0.65* 0.51* 0.39* 0.36* 0.45* 0.42* 0.31* 0.35* 0.30*

6. HR2 — 0.88* 0.75* 0.61* 0.35* 0.30* 0.40* 0.46* 0.32* 0.35* 0.30*

7. HR3 — 0.86* 0.72* 0.27* 0.25* 0.31* 0.37* 0.39* 0.45* 0.32*

8. HR4 — 0.77* 0.20* 0.09 0.22* 0.26* 0.34* 0.53* 0.34*

9. HR5 — 0.23* 0.14 0.15 0.20* 0.22* 0.39* 0.38*

10. FLACCB — 0.29* 0.34* 0.23* 0.24* 0.27* 0.27*

11. FLACC0 — 0.70* 0.55* 0.38* 0.33* 0.35*

12. FLACC1 — 0.76* 0.54* 0.44* 0.42*

13. FLACC2 — 0.64* 0.49* 0.48*

14. FLACC3 — 0.74* 0.65*

15. FLACC4 — 0.73*

16. FLACC5 —

* Correlation is significant at , 0.05 level (2-tailed).
FLACC, Face, Legs, Activity, Cry, Consolability scale; HR, heart rate.

Table 6

Correlations among respiratory sinus arrhythmia variables observed at 12 months.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1. Time since last feeding — 0.11 0.02 0.01 20.07 20.15 20.10 20.09 20.13 0.09 0.08 0.11 0.07 0.05 0.05 0.000

2. Time since last nap — 20.14 20.06 20.00 0.01 0.08 20.07 20.02 0.23* 0.02 0.25* 0.16 0.05 0.18 0.13

3. RSAB — 0.29* 0.23* 0.40* 0.43* 0.42* 0.58* 20.42* 20.16 20.14 20.05 20.04 20.10 0.03

4. RSA0 — 0.29* 0.23* 0.16 0.28* 0.16 20.32* 20.04 0.02 0.03 0.05 0.07 0.01

5. RSA1 — 0.41* 0.43* 0.31* 0.21* 20.33* 20.23* 20.33* 20.24* 20.16 20.08 20.09

6. RSA2 — 0.57* 0.44* 0.40* 20.29* 20.08 20.16 20.16 0.06 0.04 0.04

7. RSA3 — 0.47* 0.46* 20.17 20.21* 20.23* 20.12 20.07 20.06 0.00

8. RSA4 — 0.43* 20.21* 0.00 20.10 20.02 0.00 20.11 0.01

9. RSA5 — 20.15 20.01 0.08 0.11 0.07 0.00 0.04

10. FLACCB — 0.29* 0.34* 0.23* 0.24* 0.27* 0.27*

11. FLACC0 — 0.70* 0.55* 0.38* 0.33* 0.35*

12. FLACC1 — 0.76* 0.54* 0.44* 0.42*

13. FLACC2 — 0.64* 0.49* 0.48*

14. FLACC3 — 0.74* 0.65*

15. FLACC4 — 0.73*

16. FLACC5 —

* Correlation is significant at , 0.05 level (2-tailed).
FLACC, Face, Legs, Activity, Cry, Consolability scale; RSA, respiratory sinus arrhythmia.
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3.2. Relations between pain behaviors and respiratory
sinus arrhythmia

The autoregressive cross-lagged path model in Figure 2 fits the
data adequately (CFI 5 0.88; RMSEA 5 0.08). Standardized
estimates of significant paths are reported in Figure 2, and all
standardized and½T10" unstandardized estimates are reported in
Table 10.

3.2.1. Predictive within-measure

Across the vaccination period at 12 months, each postneedle
behavioral response significantly positively predicted the sub-
sequent behavioral response (standardized Bs 5 0.67-0.76),
and each postneedle RSA response significantly positively
predicted the subsequent RSA response (standardized Bs 5
0.30-0.57).

Table 7

Correlations among heart rate variables observed at 18 months.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1. Time since last feeding — 0.11 0.09 0.06 0.14 0.13 0.06 0.06 0.08 20.05 0.05 0.10 0.09 0.07 0.08 0.02

2. Time since last nap — 20.22 20.24* 20.11 0.01 0.07 0.02 20.02 20.11 20.13 20.07 20.09 20.08 20.10 20.10

3. HRB — 0.75* 0.57* 0.46* 0.43* 0.42* 0.57* 0.67* 0.20 0.19 0.20 0.23* 0.18 0.31*

4. HR0 — 0.82* 0.66* 0.58* 0.48* 0.55* 0.59* 0.55* 0.41* 0.36* 0.32* 0.34* 0.36*

5. HR1 — 0.85* 0.66* 0.54* 0.52* 0.56* 0.60* 0.62* 0.56* 0.44* 0.36* 0.36*

6. HR2 — 0.83* 0.74* 0.65* 0.42* 0.48* 0.58* 0.63* 0.50* 0.40* 0.39*

7. HR3 — 0.88* 0.79* 0.26* 0.30* 0.35* 0.46* 0.49* 0.41* 0.39*

8. HR4 — 0.87* 0.21 0.25* 0.23* 0.36* 0.43* 0.46* 0.39*

9. HR5 — 0.31* 0.17 0.16 0.30* 0.41* 0.47* 0.50*

10. FLACCB — 0.39* 0.40* 0.40* 0.42* 0.43* 0.52*

11. FLACC0 — 0.66* 0.59* 0.41* 0.41* 0.31*

12. FLACC1 — 0.74* 0.57* 0.51* 0.43*

13. FLACC2 — 0.81* 0.67* 0.57*

14. FLACC3 — 0.82* 0.72*

15. FLACC4 — 0.85*

16. FLACC5 —

* Correlation is significant at , 0.05 level (2-tailed).
FLACC, Face, Legs, Activity, Cry, Consolability scale; HR, heart rate.

Table 8

Correlations among respiratory sinus arrhythmia variables observed at 18 months.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1. Time since last feeding — 0.11 20.03 20.07 0.02 0.02 0.07 0.15 0.10 20.05 0.05 0.10 0.09 0.07 0.08 0.02

2. Time since last nap — 0.10 0.11 0.08 0.02 20.09 0.02 20.04 20.11 20.13 20.07 20.09 20.08 20.10 20.10

3. RSAB — 0.43* 0.46* 0.43* 0.44* 0.43* 0.59* 20.32* 20.02 20.03 20.01 20.06 20.03 20.11

4. RSA0 — 0.43* 0.38* 0.46* 0.43* 0.43* 20.19 20.12 0.00 20.04 20.08 20.13 20.15

5. RSA1 — 0.56* 0.43* 0.41* 0.33* 20.27* 20.24* 20.35* 20.30* 20.20 20.14 20.10

6. RSA2 — 0.69* 0.67* 0.58* 20.20 20.24* 20.27* 20.36* 20.31* 20.23* 20.22*

7. RSA3 — 0.80* 0.72* 0.00 20.11 20.02 20.12 20.14 20.11 20.12

8. RSA4 — 0.70* 20.01 20.03 0.07 0.00 20.05 20.05 20.04

9. RSA5 — 20.08 0.06 0.12 0.05 20.06 20.04 20.10

10. FLACCB — 0.39* 0.40* 0.40* 0.42* 0.43* 0.52*

11. FLACC0 — 0.66* 0.59* 0.41* 0.41* 0.31*

12. FLACC1 — 0.74* 0.57* 0.51* 0.43*

13. FLACC2 — 0.81* 0.67* 0.57*

14. FLACC3 — 0.82* 0.72*

15. FLACC4 — 0.85*

16. FLACC5 —

* Correlation is significant at , 0.05 level (2-tailed).
FLACC, Face, Legs, Activity, Cry, Consolability scale; RSA, respiratory sinus arrhythmia.
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3.2.2. Predictive between-measure

Higher RSA 60 seconds after the vaccination (RSA2) signifi-
cantly predicted a higher behavioral pain response 90 seconds
after the vaccination (FLACC3) (B 5 0.16, P 5 0.02). No other
RSA epoch significantly predicted behavioral pain scores
across the vaccination period. Next, a higher behavioral pain
response preneedle (FLACCB) significantly predicted lower
RSA immediately after the vaccination (RSA0) (standardized B
520.22, P5 0.03). As well, a higher behavioral pain response
immediately after the vaccination (FLACC0) significantly

predicted lower RSA 30 seconds after the vaccination
(RSA1) (standardized B 5 20.23, P 5 0.002). None of the
other behavioral pain response epochs significantly predicted
subsequent RSA responses.

3.2.3. Concurrent (residual) between-measure

Respiratory sinus arrhythmia and behavioral pain responses
remained significantly negatively related controlling for their
predictors in the model prevaccination, as well as 30- and

Table 9

Estimates for autoregressive cross-lagged path model of
relations between behavioural pain scores and heart rate
during 12-month vaccination.

Standardized
estimate

Unstandardized
estimate

z P

FLACC0
FLACCB 0.40 0.35 4.13 ,0.001
HRB 20.19 20.02 21.95 0.05
Time since last
nap

20.06 20.00 20.77 0.44

Time since last
fed

0.05 0.00 0.74 0.46

HR0
HRB 0.47 0.74 4.66 ,0.001
FLACCB 0.15 1.75 1.65 0.10
Time since last
nap

20.00 20.00 20.03 0.98

Time since last
fed

20.02 20.01 20.28 0.78

FLACC1
FLACC0 0.69 1.12 10.25 ,0.001
HR0 0.04 0.01 0.67 0.51

HR1
HR0 0.70 0.76 11.11 ,0.001
FLACC0 0.25 3.80 5.21 ,0.001

FLACC2
FLACC1 0.72 0.83 10.70 ,0.001
HR1 0.07 0.01 1.04 0.30

HR2
HR1 0.85 0.77 18.18 ,0.001
FLACC1 0.01 0.11 0.28 0.78

FLACC3
FLACC2 0.63 0.63 8.66 ,0.001
HR2 0.05 0.01 0.56 0.58

HR3
HR2 0.91 0.82 19.70 ,0.001
FLACC2 20.05 20.35 21.28 0.20

FLACC4
FLACC3 0.65 0.64 8.77 ,0.001
HR3 0.23 0.03 2.69 0.01

HR4
HR3 0.88 0.0.81 13.51 ,0.001
FLACC3 20.03 20.21 20.61 0.54

FLACC5
FLACC4 0.71 0.72 6.87 ,0.001
HR4 20.04 20.01 20.38 0.70

HR5
HR4 0.84 0.82 13.58 ,0.001
FLACC4 20.13 20.83 21.22 0.22

FLACC, Face, Legs, Activity, Cry, Consolability scale; HR, heart rate.

Table 10

Estimates for autoregressive cross-lagged path model of
relations between behavioural pain scores and respiratory
sinus arrhythmia during 12-month vaccination.

Standardized
estimate

Unstandardized
estimate

z P

FLACC0
FLACCB 0.27 0.23 3.82 ,0.001
RSAB 20.06 20.08 20.72 0.47
Time since last
nap

20.05 20.00 20.62 0.54

Time since last
fed

0.04 0.00 0.74 0.46

RSA0
RSAB 0.18 0.35 1.38 0.17
FLACCB 20.22 20.26 22.12 0.03
Time since last
nap

20.01 20.00 20.06 0.95

Time since last
fed

0.04 0.00 0.44 0.66

FLACC1
FLACC0 0.70 1.12 10.61 ,0.001
RSA0 0.05 0.05 0.77 0.44

RSA1
RSA0 0.30 0.21 3.31 0.001
FLACC0 20.23 20.23 23.10 0.002

FLACC2
FLACC1 0.76 0.87 13.61 ,0.001
RSA1 0.02 0.03 0.26 0.79

RSA2
RSA1 0.39 0.33 4.00 ,0.001
FLACC1 20.03 20.01 20.33 0.74

FLACC3
FLACC2 0.67 0.67 11.14 ,0.001
RSA2 0.16 0.35 2.37 0.02

RSA3
RSA2 0.57 0.54 6.21 ,0.001
FLACC2 20.03 20.01 20.35 0.73

FLACC4
FLACC3 0.74 0.72 13.04 ,0.001
RSA3 20.03 20.06 20.30 0.76

RSA4
RSA3 0.47 0.43 5.01 ,0.001
FLACC3 0.05 0.02 0.61 0.54

FLACC5
FLACC4 0.74 0.75 12.37 ,0.001
RSA4 0.12 0.29 1.51 0.13

RSA5
RSA4 0.44 0.50 5.31 ,0.001
FLACC4 0.05 0.02 0.36 0.72

FLACC, Face, Legs, Activity, Cry, Consolability scale; RSA, respiratory sinus arrhythmia.
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120-seconds postvaccination (residual rs520.25 to20.41).
The concurrent residual relations were not significant imme-
diately (residual r5 0.09, P5 0.35), 60 (residual r520.06, P
5 0.49), 90 (residual r 5 20.18, P 5 0.09), or 120 seconds
(residual r 5 20.03, P 5 0.77) after the vaccination.

3.2.4. Contextual factors

At 12 months, baseline pain behaviors significantly predicted
subsequent pain behaviors immediately (FLACC0) after the
vaccination (standardized B 5 0.27, P , 0.001). Time since
last nap (standardized B 5 20.05, P 5 0.54) and last feeding
(standardized B 5 0.04, P 5 0.46) did not significantly predict
pain behaviors (FLACC0) immediately after the vaccination.
Baseline RSA did not significantly predict RSA immediately
(RSA0) after the vaccination (standardized B 5 0.47, P ,
0.001). Time since last nap (standardized B 5 20.01, P 5
0.95) and last feeding (standardized B 5 0.04, P 5 0.66) did
not significantly predict HR (HR0) immediately after the
vaccination.

3.3. The relations between toddlers’ behavioral and cardiac
responses during 18-month vaccinations

3.3.1. Relations between pain behaviors and heart rate

The autoregressive cross-lagged path model in Figure 3 fits the
data adequately (CFI 5 0.96; RMSEA 5 0.07). Standardized
estimates of significant paths are reported in Figure 3, and all
standardized½T11" and unstandardized estimates are reported in
Table 11.

3.3.1.1. Predictive within-measure

Across the vaccination period at 18 months, each postneedle
behavioral response significantly positively predicted the
subsequent behavioral response (standardized Bs 5 0.62-
0.85) and each postneedle HR response significantly positively
predicted the subsequent HR response (standardized Bs 5
0.72-0.91).

3.3.1.2. Predictive between-measure

No HR epoch significantly predicted subsequent behavioral pain
scores across the vaccination period. However, a higher
behavioral pain response immediately after the vaccination
(FLACC0) significantly predicted toddlers’ HR 30 seconds after
the vaccination (HR1) (standardized B 5 0.20, P 5 0.001). No
other behavioral pain response epochs significantly predicted
subsequent HR responses.

3.3.1.3. Concurrent (residual) between-measure

Heart rate and behavioral pain responses remained significantly
positively related controlling for their predictors in the model at
each epoch (residual rs 5 0.37-0.66).

3.3.1.4. Contextual factors

At 18 months, baseline pain behaviors (FLACCB) significantly
predicted subsequent pain behaviors immediately (FLACC0)
after the vaccination (standardized B 5 0.45, P , 0.001).
Time since last nap (standardized B 5 20.10, P 5 0.34) and
last feeding (standardized B 5 0.06, P 5 0.45) did not
significantly predict pain behaviors (FLACC0) immediately
after the vaccination. Baseline HR (HRB) significantly
predicted HR immediately (HR0) afterAQ:6 the vaccination

(standardized B 5 0.65, P , 0.001). Time since last nap
(standardized B 5 20.13, P 5 0.07) and last feeding
(standardized B 5 20.03, P 5 0.72) did not significantly
predict HR (HR0) immediately after the vaccination.

3.4. Relations between pain behaviors and respiratory
sinus arrhythmia

The autoregressive cross-laggedpathmodel inFigure 4 fits the data
adequately (CFI5 0.93; RMSEA5 0.08). Standardized estimates of

Table 11

Estimates for autoregressive cross-lagged path model of
relations between behavioural pain scores and heart rate
during 18-month vaccination.

Standardized
estimate

Unstandardized
estimate

z P

FLACC0
FLACCB 0.45 0.35 4.11 ,0.001
HRB 20.11 20.01 20.90 0.37
Time since last
nap

20.10 20.00 20.96 0.34

Time since last
fed

0.06 0.00 0.75 0.45

HR0
HRB 0.65 0.85 7.13 ,0.001
FLACCB 0.13 1.11 1.70 0.09
Time since last
nap

20.13 20.03 21.84 0.07

Time since last
fed

20.03 20.01 20.36 0.72

FLACC1
FLACC0 0.62 0.86 7.08 ,0.001
HR0 0.07 0.01 0.76 0.45

HR1
HR0 0.72 0.75 10.18 ,0.001
FLACC0 0.20 2.23 3.32 0.001

FLACC2
FLACC1 0.66 0.66 8.27 ,0.001
HR1 0.13 0.02 1.46 0.14

HR2
HR1 0.82 0.75 8.43 ,0.001
FLACC1 0.04 0.31 0.44 0.66

FLACC3
FLACC2 0.82 0.82 12.18 ,0.001
HR2 20.00 20.01 20.07 0.95

HR3
HR2 0.86 0.84 11.22 ,0.001
FLACC2 20.05 20.34 20.59 0.55

FLACC4
FLACC3 0.80 0.79 11.34 ,0.001
HR3 0.01 0.01 0.48 0.63

HR4
HR3 0.91 0.81 12.77 ,0.001
FLACC3 20.04 20.29 20.70 0.48

FLACC5
FLACC4 0.85 0.91 17.34 ,0.001
HR4 20.01 20.00 20.21 0.83

HR5
HR4 0.84 0.76 12.02 ,0.001
FLACC4 0.05 0.33 0.86 0.39

FLACC, face legs cry consolability scale; HR, heart rate.
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significant paths are reported in Figure 3, and all standardized½T12" and
unstandardized estimates are reported in Table 12.

3.4.1. Predictive within-measure

Across the vaccination period at 18 months, each postneedle
behavioral response significantly positively predicted the
subsequent behavioral response (standardized Bs 5 0.67-
0.84) and each postneedle RSA response significantly

positively predicted the subsequent RSA response (standard-
ized Bs 5 0.40-0.81).

3.4.2. Predictive between-measure

NoRSA epoch significantly predicted subsequent behavioral pain
scores across the vaccination period. A higher behavioral pain
response immediately after the vaccination (FLACC0) significantly
predicted lower RSA 30 seconds after the vaccination (RSA1)
(standardized B520.16,P5 0.02). None of the other behavioral
pain response epochs significantly predicted subsequent RSA
responses.

3.4.3. Concurrent (residual) between-measure

Respiratory sinus arrhythmia and behavioral pain responses
remained significantly negatively related controlling for their
predictors in the model prevaccination and 60 seconds post-
vaccination (residual rs 5 20.31 to 20.37). The concurrent
residual relations were not significant immediately (residual r 5
20.07, P5 0.38), 60 (residual r520.26,P5 0.06), 90 (residual
r520.10, P5 0.39), 120 (residual r520.04, P5 0.69), or 150
seconds (residual r 5 20.15, P 5 0.18) after the vaccination.

3.4.4. Contextual factors

At 18 months, baseline pain behaviors significantly predicted
subsequent pain behaviors immediately (FLACC0) after the
vaccination (standardized B 5 0.42, P , 0.001). Time since last
nap (standardized B 5 20.11, P 5 0.30) and last feeding
(standardized B 5 0.08, P 5 0.30) did not significantly predict
pain behaviors (FLACC0) immediately after the vaccination.
Baseline RSA did not significantly predict RSA immediately
(RSA0) after the vaccination (standardized B5 0.39, P, 0.001).
Time since last nap (standardized B520.06, P5 0.50) and last
feeding (standardized B 5 20.05, P 5 0.61) did not significantly
predict HR (HR0) immediately after the vaccination.

4. Discussion

To the best of our knowledge, this is the first longitudinal study of
typically developing toddlers (ie, 12 and 18 months) to examine
the convergence of commonly used behavioral and cardiac
indicators (ie, HR, RSA) of acute pain-related distress. This study
is novel in that the analyses examined predictive within-measure,
predictive between-measure, and concurrent (residual) between-
measure relations among behavioral and cardiac indicators of
acute pain-related distress at 12 and 18 months. In addition,
contextual factors were investigated to determine whether
baseline responses (ie, baseline behavioral pain scores, HR,
and RSA) or time since last feeding or nap predict behavior or
physiology postneedle. The following discussion focuses on
developmental trends based on changes in the strength of
relation within- or between-measures from 12 to 18 months.
Differences in the relation based on cardiac indicator (ie, HR,
RSA) and timing of measurement (ie, pain reactivity vs regulation)
are also discussed. In the following discussion, FLACC0, HR0,
and RSA0 reflect the peak pain-related distress response that
occurs immediately after the needle (reactivity), whereas sub-
sequent FLACC, HR, and RSA epochs (ie, 1-5) capture the
process of pain-related distress regulation from the needle. This
section ends with limitations of our research and implications for
future research and clinical practice.

Table 12

Estimates for autoregressive cross-lagged path model of
relations between behavioural pain scores and respiratory
sinus arrhythmia during 18-month vaccination.

Standardized
estimate

Unstandardized
estimate

z P

FLACC0
FLACCB 0.42 0.32 5.60 ,0.001
RSAB 0.12 0.20 1.11 0.27
Time since last
nap

20.11 20.00 21.03 0.30

Time since last
fed

0.08 0.00 1.03 0.30

RSA0
RSAB 0.39 0.60 4.51 ,0.001
FLACCB 20.06 20.04 20.49 0.63
Time since last
nap

20.06 0.00 0.68 0.50

Time since last
fed

20.05 20.00 20.51 0.61

FLACC1
FLACC0 0.67 0.93 10.42 ,0.001
RSA0 0.09 0.14 1.23 0.22

RSA1
RSA0 0.40 0.43 4.50 ,0.001
FLACC0 20.16 20.19 22.38 0.02

FLACC2
FLACC1 0.74 0.73 12.36 ,0.001
RSA1 20.06 20.02 20.20 0.84

RSA2
RSA1 0.44 0.54 4.79 ,0.001
FLACC1 20.03 20.06 20.60 0.55

FLACC3
FLACC2 0.80 0.79 15.44 ,0.001
RSA2 20.02 20.05 20.44 0.66

RSA3
RSA2 0.72 0.76 8.16 ,0.001
FLACC2 0.14 0.08 1.57 0.12

FLACC4
FLACC3 0.82 0.81 15.64 ,0.001
RSA3 0.00 0.01 0.05 0.96

RSA4
RSA3 0.81 0.81 11.45 ,0.001
FLACC3 0.08 0.04 1.13 0.26

FLACC5
FLACC4 0.84 0.90 20.87 ,0.001
RSA4 20.00 20.00 20.01 1.0

RSA5
RSA4 0.70 0.63 9.30 ,0.001
FLACC4 0.02 0.01 0.23 0.82

FLACC, Face, Legs, Activity, Cry, Consolability scale; RSA, respiratory sinus arrhythmia.
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4.1. Within-measure relations

Within-measure relations across indicators (ie, behavior, HR, and
RSA) were positive, with each postneedle behavioral or cardiac
response positively predicting the subsequent behavioral or
cardiac response. These findings confirm past research suggest-
ing that FLACC has high stability within the acute pain context in
toddlerhood,32 and cardiac indicators are stable within con-
ditions.15 Regarding developmental trends inferred by changes in
the strength of relations, there were moderate to strong within-
measure relations for behavioral and HR responses across ages.
However, within-measure relations for RSA were stronger at 18
months than at 12 months of age. Previous research42 has found
age-related changes in RSA and noted that this reflects increased
autonomic complexity across development. Indeed, weaker
within-measure relations for RSA were found compared to
behavioral pain scores and HR across ages, likely reflecting that
RSA captures additional biopsychosocial aspects of the toddler’s
pain experience.42 In addition, the strongest within-measure
autocorrelations for RSAwere found within the regulatory epochs
(ie, RSA1-RSA5), which is consistent with theories suggesting
that RSA is more reflective of parasympathetic vs sympathetic
influence.4

4.2. Predictive between-measure relations

Across ages and cardiac indicators, behavioral pain responses
immediately postneedle positively predicted HR and negatively
predicted RSA 30 seconds postneedle. These results suggest
that expressed pain behaviors may have a regulating or
dysregulating impact on toddler physiology in the initial reactivity
period of the vaccination, which affects the entire regulatory
phase through other within-measure and concurrent relations.
This predictive relation between behavioral pain response and
RSA represents vagal influence being withdrawn due to in-
creased sympathetic (ie, behavioral pain response) activation.6 In
addition to these consistent findings across 12 and 18 months,
there were significant pathways at 12months of age. Specifically,
higher baseline HR predicted lower behavioral pain responses
immediately postneedle, whereas higher behavioral pain
responses at baseline predicted lower RSA immediately post-
needle. These divergent relations (ie, HR predicting behavior and
behavior predicting RSA) within the baseline and reactivity
epochs are consistent with past research on toddler distress
regulation, where one stress response compensates for an-
other.30,47,55 As well, HR and RSA responses 30 seconds
postneedle positively predicted behavioral pain responses 60
seconds postneedle. These results suggest that toddler physi-
ology may predict subsequent behavior, but only within the
regulatory phase postneedle.

4.3. Concurrent (residual) between-measure relations

Overall, there were concurrent associations between behavioral
pain responses and each of HR and RSA at 12 and 18 months,
over and above their predictive autoregressive and cross-lagged
effects. As expected, behavioral and HR responses were
positively related, and behavioral and RSA responses were
negatively related. Regarding developmental differences, behav-
ioral pain responses and HR were consistently related across the
prevaccination and postvaccination periods at 18 months, but
not at 12 months. Heart rate and behavioral pain responses were
not significantly concurrently related immediately or 60 seconds
after the vaccination at 12months, over and above the contextual

baseline factors. As such, it is possible that contextual baseline
factors and previous behavioral pain responses and physiology
more strongly predict certain postvaccination pain-related
distress responses than other indicators measured concurrently.
Alternatively, behavioral pain responses and HR may reflect
unique aspects of the nociceptive response at 12 months of age.
Indeed, Roué et al.45 found that some typically developing
neonates presented with acute responses measured by physi-
ological indicators, whereas others presented with prolonged
stressful responses characterized by expressed pain behaviors.

Comparing the concurrent relation between behavioral pain
responses and each of HR and RSA, HR had stronger and more
consistent relations with behavior than RSA. These differences in
magnitude of the relation between behavioral and cardiac pain-
related distress indicators are consistent with studies investigat-
ing pain responses in younger preterm infants29 and in nonpain
contexts.2,7,8,19,21,26,43 The strongest relations between behav-
ioral pain responses and HR were within the reactivity phase,
whereas the strongest associations between behavioral pain
responses and RSA were within the regulation phases. These
results confirm classic theories suggesting that the sympathetic
nervous system is most associated with distress,14 whereas RSA
may be more related to regulatory strategies that are aligned with
the parasympathetic nervous system.25

4.4. Contextual factors

Baseline responses consistently predicted future pain scores and
physiology within the postneedle period at both 12 and 18
months, whereas time since last feeding and time since last nap
were not significantly related to behavioral pain scores and
physiology at either age. Regarding developmental trends,
baseline RSA only emerged as a significant predictor of future
RSA scores within the postvaccination period at 18 months. The
emergence of baseline RSA as a significant predictor of future
RSA scores at 18monthsmay reflect themany regulatory abilities
and skills that emerge in toddlerhood.11 Overall, these results are
in line with the Law of Initial Value5 but extend the theory to
baseline behavioral pain scores in addition to physiology.

4.5. Limitations

Despite having sample size comparable to other studies of neonatal
pain assessment,3,12,27,37,45,50 generalizability of the current results
is affected by the high education level of our participants. As well,
our study included healthy toddlers born full-term who underwent
a standardized acutely painful procedure, which limits generaliz-
ability to nonhealthy neonates or premature infants who must
undergo multiple acute painful or stressful procedures.

4.6. Conclusions: clinical and research implications

In this study, normative data were provided regarding how
commonly used behavioral and cardiac pain-related distress
indicators are related within the acute pain context in toddler-
hood. Our findings suggest that compared to RSA, HR is more
strongly related and closely linked to behavioral pain indicators in
toddlerhood. The shared yet unique variance between HR and
pain behaviors suggests that these indicators would be
complementary measures of pain in toddlers, and confirms
practice in neonatology where multimodal approaches to pain in
those nonverbal children is the evidence-based bedside ap-
proach.17 Indeed, reliable differences in behavioral pain-related
distress have been found in 12-month-old infants,41 with
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environmental factors (ie, attachment relationship with primary
caregiver) leading some typically developing infants to exhibit less
behavioral distress following vaccinations.18 Based on the unique
variance shared between HR and pain behaviors found in the
current study, multimodal approaches that incorporate both
cardiac and behavioral indicators are hypothesized to more
accurately capture infant pain-related distress, especially for
infants with dampened behavioral pain responses. However,
there are several challenges related to utility of current infant pain
assessment tools (ie, physiological, cortical, behavioral indica-
tors).39 There is a lack of specificity to pain for physiological
measures,39 behavioral indicators (ie, facial actions, body move-
ments, and cry) are not reliably associated with parental
judgments of infant pain,40 and interventions to alleviate pain
have been shown to reduce behavioral pain scores without
altering nociceptive brain and spinal cord activity.51 Indeed, there
is consensus among basic and clinical scientists that cortical,
physiological, and behavioral measures of pain do not consis-
tently converge.39 Therefore, this research supports that use of
HR in conjunction with expressed behavioral pain and other
physiological and cortical indicators (eg, oxygen saturation,
electroencephalography, skin conductance, and cortisol) to
properly encapsulate the nociceptive response in toddlers.
Although positive within-measure relations were found among
behavioral and cardiac indicators across ages, behavioral and
cardiac indicators of pain-related distress are not consistently
concurrently related to each other after accounting for the within-
and between-measure predictors as well as contextual factors
(ie, baseline responses). Given the inconsistent concurrent
relations between indicators after accounting for predictive
associations, pain scores may be misestimated if pain indicators
are only used within the initial reactivity phase (eg, 30 seconds
postneedle) without accounting for these contextual factors (ie,
baseline responses). Asmentioned previously, these inconsistent
concurrent findings need to be also contextualized by the
reciprocal relation between behavioral and cardiac indicators
across the 12- and 18-month vaccinations. Specifically, across
ages, behavioral pain responses immediately postneedle signif-
icantly predicted HR and RSA 30 seconds postneedle. It is
important to consider the impact of toddlers’ initial behavioral
response on their physiological and behavioral regulation from
pain-related distress. Covariates included in the models may also
account for weaker concurrent residual relations because
baseline behavioral pain scores and cardiac indicators signifi-
cantly predicted subsequent pain scores and physiology within
the postvaccination period. Pain assessment tools should
measure behavioral and physiological responses at baseline as
well as across the initial reactivity and regulatory phases to
provide a more holistic understanding of the toddler’s pain
experience because both indicators predict future pain scores.
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000 An examination of the reciprocal and concurrent relations between
behavioral and cardiac indicators of acute pain in toddlerhood
Concurrent and cross-lagged relations between behavioral and cardiac indicators of pain were
inconsistent in toddlerhood. Potentially different dimensions of pain may be reflected.
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