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Abstract
Heart rate variability (HRV) and baroreflex sensitivity (BRS) are indexes reflecting the ability to maintain cardiovascular homeostasis
amidst changing conditions. Evidence primarily from small studies suggests that both HRV and BRS may be reduced in individuals
with chronic pain (CP), with potential implications for cardiovascular risk. We compared HRV and BRS between individuals with CP
(broadly defined) and pain-free controls in a large unselected population sample. Participants were 1143 individuals reporting
clinically meaningful CP and 5640 pain-free controls who completed a 106-second cold pressor test (CPT). Participants self-
reported hypertension status. Resting HRV and BRS were derived from continuous beat-to-beat blood pressure recordings
obtained before and after the CPT. Hierarchical regressions for the pre-CPT period indicated that beyond effects of age, sex, and
body mass index, the CP group displayed significantly lower HRV in both the time domain (SDNN and rMSSD) and frequency
domain (high-frequency HRV power), as well as lower BRS. Results were somewhat weaker for the post-CPT period. Mediation
analyses indicated that for 6 of 7 HRV and BRS measures tested, there were significant indirect (mediated) effects of CP status on
the presence of comorbid hypertension via reduced HRV or BRS. Results confirm in the largest and broadest sample tested to date
that the presence of CP is linked to impaired cardiovascular regulation and for the first time provide support for the hypothesis that
links between CP and comorbid hypertension reported in previous population studies may be due in part to CP-related decrements
in cardiovascular regulation.
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1. Introduction

The cardiovascular and pain regulatory systems are structurally
and functionally intertwined.6,22 In healthy individuals, these
interconnections produce blood pressure (BP)-related hypoalge-
sia, inwhich elevatedBP triggers reducedpain sensation.Although
some work suggests that BP-related hypoalgesia in some cases

may remain intact in individualswith chronic pain (CP),24,25multiple
other studies indicate that CP is associated with reduced
magnitude of BP-related hypoalgesia,5,7,9,10,12,37,40 suggesting
possible CP-related impairments in cardiovascular regulatory
systems potentially relevant to comorbid cardiovascular risk in CP.

Multiple population studies indicate that CP is linked to
increased hypertension risk.23,35,36,40,54,65 For example, in the
Tromsø Study,60 CP was associated with a 23% increased risk of
comorbid hypertension, even after adjustment for other risk
factors.40 Mechanisms contributing to this increased hyperten-
sion risk remain incompletely understood. Impaired BP-related
hypoalgesia in CP suggests possible hypertension-relevant
changes, but these are only detectable at the group level
(ie, altered group correlations).40

Reduced heart rate variability (HRV) and baroreflex sensitivity
(BRS) are known markers for hypertension risk assessable at the
individual level.14,16,28,30,34,52 Heart rate variability and BRS
reflect, respectively, the ability of the cardiovascular system to
adjust heart rate and BP efficiently in response to situational
demands. Limited evidence from small studies suggests that CP
is linked to reductions in BRS of potential mechanistic relevance
to hypertension risk.1,12,21,48,53 Similarly, recent meta-analyses
concluded that CP is associated with reduced overall and high-
frequency (HF) HRV, the latter reflecting primarily vagal cardiac
input crucial for maintaining cardiovascular homeostasis.31,62

Evidence for CP-related reductions in HRV and BRS is limited
mostly to studies in relatively small samples (,100 participants),
with HRV conclusions strongly influenced by fibromyalgia
studies.62 An exception is a large study reporting lower HRV in
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185 temporomandibular disorder (TMD) pain patients compared
with 1633 TMD-free controls.38 The only other large study of this
issue reported nomean differences in HRV between 731 patients
with chronic widespread pain and 843 controls.2 No previous
study in a large sample has tested for CP-related differences in
BRS, and no studies have directly evaluated whether CP-related
changes in HRV or BRS impact on risk of comorbid hypertension
in the CP population.

The current study tested in a large population-based sample
whether HRV and BRS are diminished in individuals with diverse
CP conditions relative to pain-free controls. This study builds on
previous work in the Tromsø Study which revealed both elevated
hypertension risk and group-level impairments in BP-related
hypoalgesia among individuals reporting CP.40 We hypothesized
that resting HRV and BRS, both before and after a stressor, would
be significantly lower in individuals reporting clinically significant CP
than in pain-free individuals. We also tested whether sex
moderated these effects, given the recent work suggesting greater
impairments in HRV among women with CP.66 We further
hypothesized that greater CP severity would be associated with
lower HRV and BRS, if these changes reflect pain-specific
cardiovascular dysfunction. Finally, to evaluate clinical relevance
of CP-related changes in HRV and BRS, we for the first time tested
whether reduced HRV and BRS in individuals with CP mediate
reported associations between CP and comorbid hypertension.

2. Methods

2.1. Design

The Tromsø Study is a prospective epidemiologic study of health
problems, symptoms, and chronic diseases initiated in 1974.
Seven surveys have been conducted 6 to 7 years apart to date,
with the seventh completed in October 2016. Tromsø 6 provided
the data for the current study,17 which was approved by the Data
Inspectorate of Norway and the Regional Committee of Medical
and Health Research Ethics, North Norway. Each participant
provided a written informed consent before participation.

2.2. Sample

Tromsø 6 was performed in 2007 to 2008; 19,762 participants of
both sexes were invited and 12,982 (65.7%) aged 30 to 87 years
participated. Sampling procedures are detailed elsewhere.17 All
participants in Tromsø 6 were asked to participate in the cold
pressor test (CPT), although some were turned away due to
capacity problems. The total pool of participants undergoing the
CPT who were potentially qualified for the current study was n 5
10,566. From this group, a final pool of potential participants (n5
8204) was selected based on the availability of valid continuousBP
data sufficient to derive HRV and/or BRS values as described
below. Given the study hypotheses, we were interested in
comparing the subgroup of individuals experiencing no persistent
pain with those experiencing clinically meaningful CP. As in Olsen
et al,41 clinically meaningful CPwas operationalized as participants
reporting that: (1) they were currently experiencing persistent pain
that had lasted for 3 months or more, (2) the pain was experienced
daily, and (3) the pain was reported as having a usual severity of at
least a 3/10 on a 0 to 10 pain intensity scale (0 5 “No Pain” and
10 5 “Worst Pain Imaginable”). From the pool of potential
participants, n 5 1143 individuals reporting clinically meaningful
CP as defined above were selected for the “Chronic Pain” group,
whereas n 5 5640 individuals reporting no persistent pain were
selected as the “Pain-Free” group. The n 5 1421 individuals not
meeting the criteria for either group were excluded from the final

study sample. Characteristics of the final sample are summarized
by the participant type in Table 1.

2.3. Apparatus

2.3.1. Cold pressor test

Heart rate variability and BRS values are reported for seated rest
periods both before and after a CPT to permit the assessment of
values at a true resting baseline and again during resting recovery
after a cardiovascular and pain stressor (detailed in Olsen et al41).
In brief, the CPT used a 3˚C circulating water bath (Julabo PF40-
HE; JULABO Labortechnik GmbH, Seelbach, Germany) con-
nected to a 13 L external plexiglass container with a flow rate of 22
L/min. The procedure began by having participants seated in
a comfortable chair with instructions to relax for 30 seconds,
whereas baseline continuous BP and pulse wave readings were
recorded. Then, participants were asked to submerge their
dominant hand up to the wrist in the cold water, with instructions
to continue until their pain tolerance was reached or the full test
was completed (maximum of 106 seconds). After the CPT was
completed, a 50-second posttest resting assessment period
followed. The mean (SD) duration of the CPT in this study was
90.7 (26.65) seconds in the pain-free group, and 85.2 (30.62)
seconds in the chronic pain group (t[6723] 5 5.64, P , 0.001).

2.3.2. Assessment of heart rate variability and spontaneous
baroreflex sensitivity

Although the gold standard for derivation of HRV and BRS is the
use of electrocardiograph (ECG) recordings to determine the R-R

Table 1

Descriptive characteristics.

Characteristic Group

Pain-free
(n 5 5640)

Chronic pain
(n 5 1143)

Sex (% female)§ 47.8 61.2

Age, y 57.19 6 12.10 57.00 6 11.21

BMI§ 26.79 6 4.03 27.82 6 4.62

Reporting hypertension (%)§ 24.4 30.5

Usual pain intensity (0-10) — 5.36 6 1.65

Number of pain locations (1-14) — 4.10 6 2.64

Pre-CPT SDNN§ 3.54 6 0.56 3.47 6 0.59

Pre-CPT rMSSD§ 3.31 6 0.59 3.24 6 0.61

Pre-CPT HF power§ 10.12 6 1.14 9.97 6 1.17

Pre-CPT BRS† 2.31 6 0.71 2.19 6 0.69

Post-CPT SDNN§ 3.94 6 0.55 3.88 6 0.56

Post-CPT rMSSD‡ 3.41 6 0.63 3.35 6 0.62

Post-CPT HF power* 11.07 6 1.08 11.00 6 1.08

Post-CPT BRS§ 2.30 6 0.73 2.20 6 0.65

Values presented are percentage or mean6 SD. All cardiovascular measures were significantly non-normal

in distribution, so were subjected to log transformations. Descriptive statistics reflect these log transformed

values that were used in all analyses.

* P , 0.10.

† P , 0.05.

‡ P , 0.01.

§ P , 0.001.

BMI, body mass index; BRS, baroreflex sensitivity; CPT, cold pressor test; HF, high frequency; HRV, heart rate

variability; SDNN, standard deviation of R-R intervals; rMSSD, root mean square of the successive differences

of the R-R intervals.
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intervals reflected in both measures, R-R intervals can be
estimated using pulse wave data obtained by plethysmography
in the course of acquiring continuous noninvasive beat-to-beat
BPs.50 A systematic review showed that most investigations
demonstrated good agreement between HRV estimates based on
ECG recordings and estimates derived from plethysmography-
based methods during resting conditions such as in the current
study.50 For consistency of terminology with the larger literature
and since their interpretation is the same, values below based on
pulse-wave approximations of R-R interval will be referred to
as HRV.

Heart rate variability and BRS were derived in this study based
on noninvasive beat-to-beat BP and pulse wave data (as
an estimate of R-R interval) acquired using a Finometer Pro
(Finapres Medical Systems, Amsterdam, the Netherlands). This
plethysmography-based device assesses BP by continuous
examination of the arterial pressure wave in the middle finger of
the nondominant hand. This method has been found to provide
reliable and accurate BP values that correlate well with intraarterial
BP measurements.27 For preprocessing, artifact correction and
data formatting of Finometer data, as well as BRS derivation,
Matlab R2015 was used. The Finometer data were cleaned for
technical errors using threshold-based rejection of recordings
containing nonphysiological values, with sporadic artifacts re-
moved using the procedure described by Deegan et al.15

Heart rate variability data were processed using the RHRV
module (version 4.0) within the R statistical package (http://rhrv.
r-forge.r-project.org/). Detailed information on processing of the
HRV signal and rationale for selection of HRV measures
presented below is provided in online supplement 1 (available
as supplemental digital content at http://links.lww.com/PAIN/
A487). The current analyses focused on several HRV measures
commonly reported in the pain literature. In the time domain, we
report the SD of the R-R intervals (SDNN), a measure of overall
HRV, and the root mean square of the successive differences of
the R-R intervals (rMSSD). The latter is a measure of short-term
variability in HRV, and is believed to reflect primarily vagal cardiac
input.31,32,59 To derive HRV values in the frequency domain, we
used wavelet transform methods (applying the Haar wavelet
function; eg, Thurner et al61), which are free from assumptions of
stationarity in biological signals and provide a better temporal
resolution, thereby being more suitable for data obtained over
shorter assessment periods as in the current study. In the
frequency domain, we report only HF power (0.15-0.4 Hz band),
which reflects primarily vagal cardiac input. Low frequency power
and the low frequency/HF power ratio are not reported because
of the questions about their interpretation4,49 and concerns
regarding unreliability due to the short assessment periods used
in this study.

Baroreflex sensitivity values (in miiliseconds per mm Hg) were
derived using the sequence technique based on procedures
described previously.3,42 The sequence technique assesses
spontaneous BRS in the time domain and has been used in
numerous previous studies.18,29,43,44,55–58 This technique fo-
cuses on the identification of spontaneous ramps in BP (ie,
progressive increases or decreases in BP) that are associated
with concordant changes in the R-R interval. Thus, BRS reflects
the functional efficiency in maintaining stable BP in response to
changing conditions. Sequence method BRS derived using R-R
intervals estimated using the pulse wave from finger plethysmo-
graphic devices (like the Finometer used in the current study) has
been found to correspond well with BRS measures derived using
ECG recordings when obtained under resting conditions.64 The
sequence method results in spontaneous BRS values that are

stable across test days.29 Baroreflex sensitivity was derived in the
current study from consecutive heartbeats with increasing or
decreasing systolic BP and subsequent R-R intervals. The slope
of the regression line between the 2 was calculated. Analyzable
sequences were considered to be those with at least 3 intervals,
nonzero slopes, and displaying correlation coefficients of r .
0.85. Baroreflex sensitivity values used in the analyses were then
calculated as the mean values of the significant slopes obtained
within each assessment period. As an interpretive example,
a larger positive BRS slope valuewould indicate greater increases
in the R-R interval (slowing of heart rate) after a preceding rise in
BP, indicating greater responsiveness of baroreflex circuits to BP
changes and better ability to maintain homeostasis. To enhance
the reliability of the BRS index, analyses were restricted to those
participants with at least 3 valid BRS sequences during the given
recording period (pre-CPT and post-CPT).

2.4. Chronic pain assessment

For CP group participants, usual CP intensity was rated on a 0 to
10 numeric rating scale, anchoredwith “NoPain” and “Worst Pain
Imaginable.” CP participants also reported all body locations in
which they experienced CP (from a list of 14 locations; Yes/No
format). The number of reported pain locations was summed,
creating a variable reflecting the total number of CP locations
ranging from 1 to 14. Pain locations assessedwere the head, jaw,
neck, back, shoulder, arm, hand, hip, leg, foot, chest, stomach,
genitals, and skin.

2.5. Procedure

All participants completed 2 self-administered questionnaires,
including questions related to CP (https://en.uit.no/prosjekter/
prosjekt?p_document_id5104991). Height and weight were
measured in centimeters and kilograms, respectively. Bodymass
index was calculated asweight in kilograms divided by the square
of the height in meters (kg/m2).

Throughout laboratory testing, participants remained seated in
a quiet room and all tests were conducted by a single study
technician. The procedures began with participants resting quietly
for at least 5 minutes as the CPT procedures were described and
the Finometer Pro device placed and calibrated. After this, the
study protocol began with recording of continuous cardiovascular
data for a 30-secondpre-CPT resting assessment period, followed
by the CPT task, and a subsequent 50-second post-CPT resting
assessment period. Cardiovascular data from the pre-CPT and
post-CPTperiodswere examined in the current study to permit the
examination of HRV and BRS both at resting prestressor baseline
and during a poststressor resting recovery period. This approach
was taken in an effort to provide an internal replication of results
from the pre-CPT resting baseline period. Because of evidence
that correspondence between pulse waves (used to derive HRV
and BRS in the current work) and ECG measures of R-R interval
may be poor under nonresting conditions,64 cardiovascular values
obtained during the CPT task itself were expected to be less
reliable and therefore were not analyzed.

2.6. Statistical analyses

Analyses were conducted using SPSS for Windows version 24.
All BRS andHRVmeasureswere found to be highly skewed to the
right end of the distribution. Tests for violation of normality were
significant for all measures (Kolmogorov–Smirnov test; all P’s ,
0.001). To address the nonnormality of the cardiovascular
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measures, all analyses were conducted using log transformed
HRV and BRS values.

Missing data were assumed to be at random, with all available
cases meeting the validity criteria included in the primary analyses.
These validity criteria were,10% removed beats from a recording
during RHRV prefiltering for HRV variables or at least 3 analyzable
sequences for BRS. Final sample sizes with fully validated data
available for analysis of each class of variables were as follows: pre-
CPT HRV variables (pain free: n 5 5432; CP: n 5 1108), pre-CPT
BRS (pain free: n 5 1291; CP: n 5 236), post-CPT HRV variables
(pain free: n5 5157; CP: n5 1041), and post-CPT BRS (pain free:
n 5 2953; CP: n 5 599). Test–retest reliability between pre-CPT
and post-CPT measures was generally high for HRV measures
(intraclass correlations 5 0.73-0.82). For BRS, the comparable
intraclass correlation was 0.44.

Preliminary analyses used x2 tests for group differences on
dichotomous variables, independent samples t- tests for group
differences on continuous variables, and Pearson correlations to
evaluate associations between potential confounds and cardio-
vascular outcomes. Preliminary analyses in the full sample
revealed that lower values on HRV and BRS measures were
consistently and significantly associated with greater age and
body mass index (P’s, 0.001). Age had previously been shown
in meta-analyses to significantly influence HRV values.31,62 For
consistency with planned mediation analyses, which used
a regression-based approach, primary analyses used a series
of hierarchical linear regressions with the targeted HRV and BRS
measures as the dependent variables. In each regression, age
and body mass index were entered in the first step to control for
their potential confounding effects, main effects of CP status and
sex were entered in the second step, and a multiplicative CP
status3 sex interaction was entered in the third step (to evaluate
moderation by sex of the hypothesized CP effects). In the
subsample with CP only, associations between cardiovascular
measures and pain severity measures (usual pain intensity ratings
and number of painful body sites) were evaluated using partial
correlations, controlling for age, sex, and body mass index.

We hypothesized a conceptual model in which previously
reported associations between CP and the presence of comorbid
hypertension were mediated by lower levels of HRV and BRS in
participants with CP. As expected, preliminary analyses indicated
that the CP group reported a hypertension diagnosis significantly
more often than the pain-free control group (Table 1). This
indicated that mediation analyses were justified (ie, there was an
effect to bemediated). A series of statistical mediationmodels was
therefore tested (Fig. 1 for the general conceptualmodel). Because
the various HRV and BRS measures were significantly intercorre-
lated (Table 2), each mediation model evaluated included only
a singleHRVor BRSmeasure to avoid issuesofmulticollinearity. As
described by Preacher and Hayes,45 assuming that there is an

effect to bemediated, the presence ofmediation is supported if the
indirect effects of CP status on hypertension status viaHRV or BRS
measures were significant. Custom SPSS dialog (the Indirect
Procedure; http://www.afhayes.com/public/indirect.zip) was used
to conduct themediation analyses. As portrayed inFigure 1, these
analyses determined the significance for both the direct effect of
CP status on comorbid hypertension status and its indirect effect
on hypertension status via HRV or BRS measures. To limit the
number of analyses, mediation analyses were limited to thoseHRV
or BRS measures (hypothesized mediators) showing significant
associations with CP status in primary analyses. To address
potential confounds in a manner similar to primary analyses, all
mediation analyses included age, sex, and body mass index as
covariates.

In theory, both direct and indirect effects might be significant in
the case of partial mediation. The significance of indirect effects
was tested using bootstrap estimates that make no assumptions
about the distribution of the variables.45 This bootstrap method-
ology was used to test each mediation model in a series of 1000
random subsamples repeatedly drawn from the full sample,
generating 95% confidence intervals (bias corrected) around the
indirect effect test statistic. If the 95% confidence intervals for the
indirect effect generated by the model do not include zero, this
indicates that the hypothesized indirect (mediated) effect is
significant at the P , 0.05 level. Based on previously published
empirical power estimates for the bias-corrected bootstrap
methodology employed in the current study19 and assuming
small effect sizes for associations between CP status and
cardiovascular measures and between cardiovascular measures
and hypertension status, a sample size of 462 participants was
required to achieve a power of 0.80 to reject the null hypothesis
regarding mediation. The current sample size was therefore
adequately powered for all mediation analyses conducted.

3. Results

3.1. Sample characteristics

Sample characteristics are summarized in Table 1. Although the
CP and pain-free groups were similar in age, the CP group had
a significantly higher percentage of women. The CP group also
displayed a significantly higher mean bodymass index compared
to the pain-free group. In addition, subjects in the CP group were
significantly more likely to report a diagnosis of hypertension.
Ratings of usual pain intensity in the CP group revealed daily pain
of moderate intensity, experienced at 4 body locations on
average (out of 14 possible locations).

3.2. Heart rate variability and baroreflex sensitivity measures
as a function of chronic pain status

Unadjusted mean (6SD) values for HRV and BRS measures
across groups are presented in Table 1. In all cases, values in the
CP group were lower than in the pain-free group. Hierarchical
regressions were conducted to examine the effects of CP status
on HRV and BRS measures, controlling for potential confounds,
as well as to determine whether sex moderated these effects (CP
status 3 sex interaction). For brevity, results are presented only
for the hypothesized effects of interest, although it is noted that
results for step 1 in regressions (entry of age and bodymass index
control variables) were significant at P , 0.001 for all HRV and
BRS measures.

For the pre-CPT assessment period, regressions revealed
significant CP status main effects beyond the influence of age,

Figure 1.Conceptual figure of sequential mediationmodels testing the indirect
effect of chronic pain status on the presence of comorbid hypertension via
heart rate variability or baroreflex sensitivity measures.
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sex, and body mass index on both HRV time domain measures
(SDNN: beta 5 20.033, t[6534] 5 22.89, P 5 0.004; rMSSD:
beta 5 20.036, t[6534] 5 23.00, P 5 0.003). For the pre-CPT
HRV frequency domainmeasure, HF Power, results also revealed
significant effects of CP status (beta520.040, t[6530]523.52,
P , 0.001). A significant CP status main effect on pre-CPT
spontaneous BRS was observed as well (beta 5 20.055,
t[1521] 5 22.13, P 5 0.033). The entry of the CP status 3 sex
interaction into the model in step 3 was not significant in any of
these pre-CPT analyses (allP’s. 0.35). Based on the unadjusted
mean values and SDs, the corresponding effect sizes for the
significant pre-CPT measures were as follows: SDNN: d 5 0.13;
rMSSD: d 5 0.11; HF HRV: d 5 0.13; and BRS: d 5 0.17. By
convention,13 all of these would be interpreted as small effect
sizes.

For the post-CPT assessment period, hierarchical regressions
revealed significant CP statusmain effects (beyond the influence of
age, sex, and body mass index) only for the HRV time domain
measures (SDNN: beta 5 20.030, t[6192] 5 22.53, P 5 0.011;
rMSSD: beta 5 20.033, t[6192] 5 22.66, P 5 0.008) and
spontaneous BRS (beta520.041, t[3547]522.47, P5 0.014).
The main effect of CP status for post-CPT HF power was
nonsignificant (beta520.017, t[5593]521.35,P50.177). As for
the pre-CPTmeasures, the entry of theCP status3 sex interaction
into the model in step 3 did not reveal significant sex moderation
effects for any of the post-CPT measures (all P’s . 0.36). The
corresponding effect sizes for the significant post-CPT measures
were as follows: SDNN: d5 0.11; rMSSD: d5 0.09; andBRS: d5
0.14. Each of these would be interpreted as a small effect size.13

3.3. Associations between heart rate variability, baroreflex
sensitivity, and pain-related outcomes

Partial correlations (controlling for age, sex, and bodymass index)
in theCP subgroup betweenHRV andBRSmeasures and ratings
of usual pain intensity and number of body locations affected by
pain are summarized in Table 3. The usual pain intensity showed
small but significant (inverse) associations with all measures
during the pre-CPT period except spontaneous BRS. In the post-
CPT period, only SDNN showed a significant inverse association
with usual pain intensity, again of small magnitude. Associations
with the number of body sites affected by pain were generally
larger in magnitude than for pain intensity, but still small in
absolute terms. In all cases, these associations were inverse with
significant correlations noted for pre-CPT SDNN, rMSSD, HF
power, and post-CPT rMSSD. Overall, the pattern of correlations
above indicated that HRV was lower in individuals with CP, which
was more severe in intensity or extent.

3.4. Statistical mediation tests

Given the small effect sizes noted for CP-related differences in
HRV and BRS, the next question explored was whether these
small effects were clinically meaningful. We pursued this question
by testing a series of statistical mediation models (the general
conceptual model is portrayed in Fig. 1), in which CP-related
differences in HRV measures or BRS mediated the association
between CP status and comorbid hypertension status reported
in our previous related work40 and other population stud-
ies.23,35,36,40,54,65 In preliminary analyses, a hypertension
diagnosis was significantly more common in those with CP
compared with pain-free controls (Table 1). Moreover, across
both study subgroups, significantly lower values were observed
for all HRV and BRS measures in individuals reporting a hyper-
tension diagnosis (all P’s , 0.001). In light of these preliminary
findings, mediation tests appeared justified for the following
hypothesized mediators: pre-CPT SDNN, pre-CPT rMSSD, pre-
CPT HF power, pre-CPT BRS, post-CPT SDNN, post-CPT
rMSSD, and post-CPT BRS.

Table 4 summarizes the results of statistical mediation
analyses. For each mediation model tested, path coefficients
are provided for the IV (CP status) → mediator (individual HRV or
BRS measure) path, the mediator → DV (hypertension status)

Table 2

Intercorrelations between HRV and BRS measures pre-CPT and post-CPT.

Cardiovascular measure Pre-CPT SDNN Pre-CPT rMSSD Pre-CPT HF power Pre-CPT BRS Post-CPT SDNN Post-CPT rMSSD Post-CPT HF power

Pre-CPT rMSSD 0.85 — — — — — —

Pre-CPT HF power 0.91 0.83 — — — — —

Pre-CPT BRS 0.26 0.34 0.28 — — — —

Post-CPT SDNN 0.58 0.58 0.58 0.38 — — —

Post-CPT rMSSD 0.59 0.70 0.62 0.48 0.79 — —

Post-CPT HF power 0.64 0.65 0.68 0.44 0.91 0.86 —

Post-CPT BRS 0.58 0.63 0.62 0.27 0.89 0.87 0.50

All correlations were P , 0.001.

BRS, baroreflex sensitivity; CPT, cold pressor test; HF, high frequency; rMSSD, root mean square of the successive differences of the R-R intervals; SDNN, standard deviation of R-R intervals.

Table 3

Partial correlations (controlling for age, sex, and BMI)

between HRV and BRS measures, chronic pain intensity, and

number of chronic pain sites in the chronic pain subgroup.

Cardiovascular measure Usual pain intensity Number of pain sites

Pre-CPT SDNN 20.07† 20.11§

Pre-CPT rMSSD 20.08‡ 20.10§

Pre-CPT HF power 20.08‡ 20.10§

Pre-CPT BRS 20.03 0.06

Post-CPT SDNN 20.07† 20.04

Post-CPT rMSSD 20.04 20.09‡

Post-CPT HF power 20.06* 20.04

Post-CPT BRS 0.00 20.01

All analyses used log transformed values for cardiovascular measures due to significant non-normality.

For HRV variables, n 5 945 to 1083; For BRS, n 5 233 to 593.

* P , 0.10.

† P , 0.05.

‡ P , 0.01.

§ P , 0.001.

BMI, body mass index; BRS, baroreflex sensitivity; CPT, cold pressor test; HF, high frequency HRV, heart rate

variability; rMSSD, root mean square of the successive differences of the R-R intervals; SDNN, standard

deviation of R-R intervals.
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path, and the direct effect of IV → DV. The indirect effects were
significant (P’s , 0.05) for the path between CP status and
comorbid hypertension status via pre-CPT SDNN, pre-CPT
rMSSD, pre-CPT HF power, post-CPT SDNN, post-CPT rMSSD,
and post-CPT BRS. The indirect effect through pre-CPT BRS
was not significant, possibly due to diminished statistical power
related to the lower sample size available for this measure. In light
of significant direct effects noted in all but one of these mediation
models that revealed significant indirect effects, results suggest
partial mediation of links between the presence of CP and the
presence of comorbid hypertension by the lower HRV and BRS
values associated with CP.

4. Discussion

Recentmeta-analyses conclude that HRV is significantly reduced
in individuals experiencing CP.31,62 These meta-analyses in-
dicate that most HRV studies reflect relatively small samples
(,100 individuals) and conclude that this literature is heavily
influenced by fibromyalgia studies.62 One large previous HRV
study reported findings consistent with these overall meta-
analysis conclusions (185 TMD pain patients, 1633 TMD-free
controls).38 Although several small studies had also suggested
that BRSwas significantly lower in individuals with several specific
CP conditions,1,12,21,48,53 no large studies with general popula-
tion samples had previously investigated this issue. Whether
findings of reduced HRV and BRS among individuals with CP
would extend to an unselected population sample with diverse
CP conditions and a broad age range (ages 30-87) was unknown.
The current work tested for hypothesized associations between
the presence of CP, broadly defined, and reductions in HRV and
BRS in the largest sample reported to date.

Results indicated that compared with pain-free controls, the
CP group exhibited significantly lower HRV values in both the time
domain (SDNN and rMSSD) and the frequency domain (HF
power). Group differences were smaller in the post-CPT resting
period, likely reflecting residual influence of the CPT, which is
known to be a significant cardiovascular stimulus.39 Results in
this study indicating significantly lower SDNN, an index of overall
HRV, in the CP group are consistent with publishedmeta-analytic
results.62 Findings of significantly lower values in CP participants

compared with nonpain participants in the current study for both
rMSSD and HF HRV are also consistent with the conclusions of
previous meta-analyses,31,62 with both measures known to
reflect primarily vagal cardiac input.32 Unlike recent work
reporting significantly greater reductions in SDNN and HF HRV
in young women with functional abdominal pain relative to men
with functional abdominal pain and healthy controls,66 the current
work did not find evidence for similar sex moderation in patients
with CP broadly defined. This may have been due to the much
younger age of the sample in the previous study (young adults)
compared with the current general population sample, or
possibly to the nonselective CP definition used in the current
work.

The effect sizes for HRV values in the current study can be
compared with the only similar previous work reporting significant
CP-related differences in a relatively large sample.38 In the current
work, effect sizes were largest for the pre-CPT resting baseline,
with d5 0.13 for SDNN, d5 0.11 for rMSSD, and d5 0.13 for HF
HRV. The previous relatively large study of the same cardiovas-
cular measures,38 comparing TMD pain patients to healthy
controls, showed effect sizes of d5 0.18 for SDNN, d5 0.17 for
rMSSD, and d 5 0.25 for HF HRV. As per the guidelines
recommended by Cohen,13 all effect sizes in the current work
represent small effects, with all but rMSSD in the study byMaixner
et al38 also representing small effects. Although there is a general
correspondence in the magnitude of HRV differences across
these 2 studies, effects sizes were in all cases larger in the TMD
study. This may be due in part to the shorter assessment periods
for HRV in the current study comparedwithMaixner et al.38 Meta-
regression results suggest an association between shorter HRV
assessment periods and smaller effects sizes for CP-related
reductions in HRV.31

This study is the first to evaluate in a large population sample
whether spontaneous resting BRS is significantly decreased in
individuals with CP. Results revealed small but statistically
significant reductions in BRS in the CP group relative to pain-
free controls. Given the known involvement of vagal afferents in
baroreflex circuits,46 and the fact that both HF HRV and rMSSD
primarily reflect vagal cardiac input, findings of lower BRS, HF
HRV, and rMSSD in the CP participants all highlight the
importance of altered vagal inhibitory function in CP. The pain

Table 4

Summary of significance of direct and indirect (mediated) effects for sequential mediation models in which the association

between chronic pain status and the presence of comorbid hypertension is mediated by each HRV or BRS measure.

Hypothesized mediator Path coefficients Indirect effect via HRV or BRS
measure, Bootstrap 95%
confidence intervals

IV → mediator mediator → DV Direct effect IV → DV Lower Upper

Pre-CPT SDNN 20.05† 20.29‡ 0.17* 0.0037 0.0289*

Pre-CPT rMSSD 20.06† 20.18‡ 0.17* 0.0027 0.0217*

Pre-CPT HF power 20.12† 20.10‡ 0.19* 0.0037 0.0249*

Pre-CPT BRS 20.11* 20.05 0.19 20.0148 0.0406

Post-CPT SDNN 20.05* 20.22‡ 0.19* 0.0022 0.0232*

Post-CPT rMSSD 20.05† 20.20‡ 0.19* 0.0027 0.0248*

Post-CPT BRS 20.08† 20.15* 0.10 0.0021 0.0317*

To reduce the number of analyses, mediation models were only tested for hypothesized mediators showing a significant association with chronic pain status. All mediation models controlled statistically for the effects of age,

sex, and BMI.

* P , 0.05.

† P , 0.01.

‡ P , 0.001.

BRS, baroreflex sensitivity; CPT, cold pressor test; HF, high frequency; HRV, heart rate variability; rMSSD, root mean square of the successive differences of the R-R intervals; SDNN, standard deviation of R-R intervals.
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relevance of vagal function is shown by evidence that stimulation
of vagal activity by electrical stimulation11,20 or by activation of
baroreceptors tied to vagal afferent circuits47 both produce
analgesia.

Vagal inhibitory activity as indexed by BRS and HRV measures
is relevant not only to pain itself, but also to understanding
possible contributors to the comorbid hypertension that has been
linked to CP.8,23,35,36,40,54,65 Reduced HRV and BRS are known
markers for hypertension risk.14,16,28,30,34,52 Results of mediation
analyses conducted in the current large population sample for the
first time suggest that reduced overall HRV (SDNN), vagally
mediated HRV specifically (rMSSD, HF Power), and BRS
(all tested individually) may mediate associations observed
between the presence of CP and the presence of comorbid
hypertension. Findings of significant direct effects of CP on
comorbid hypertension in the context of significant indirect
(mediated) effects suggest partial, rather than full, mediation by
CP-related reductions in HRV and BRS.

Reasons for lower HRV and BRS in individuals with CP are not
known. One possible contributor is poor conditioning related to
lower activity levels that are likely to be more prevalent among
those with CP, although the fact that HRV and BRS differences
between groups were apparent even when controlling for
differences in body mass index, a possible surrogate for general
activity levels, might argue against this possibility. It is also
possible that mood disorders, such as depression, that are often
comorbid with CP63 could contribute to the reduced HRV and
BRS associated with CP.26,33,51 Finally, we have speculated in
the past that ongoing pain itself might disrupt functionally
interrelated cardiovascular and pain inhibitory circuits, for
example, by depleting opioidergic or alpha-2 adrenergic inhibitory
capacity, leading to sympathetically driven BP increases
triggered by ongoing pain without adequate compensatory
inhibition.6 Confirming whether such changes contribute to
reduced HRV and BRS, as well as increased hypertension
prevalence in those with CP, awaits future exploration.

A recent meta-analysis highlighted the dearth of studies
examining associations between HRV measures and CP in-
tensity.62 In the current work, small but significant inverse
associations, primarily for the resting pre-CPT assessment
period, were noted between HRV measures (SDNN, rMSSD,
HF power) and both CP intensity and number of CP sites. These
parallel findings may best be interpreted as indicating that
individuals with more severe CP exhibit greater deficits in HRV.
This finding is quite similar to results of 1 smaller study which
reported significant correlations between greater CP intensity and
lower SDNN in 731 patients with chronic widespread pain.2 In
contrast to HRV, the association between BRS and pain severity
measures was not significant, despite observed associations
between the presence of CP (as a dichotomous measure) and
lower mean BRS.

Several potential study limitations should be noted. First, short
HRV and BRS assessment periods were necessitated in the
current work due to the high throughput of patients and time
constraints in this very large sample. Short assessment periods
may have reduced the reliability of the HRV and BRS measures
reported in this work, although test–retest reliability in this study
was found to be acceptable for time domain HRV measures and
HF power. Meta-analytic results confirm that shorter assessment
periods are associated with smaller HRV effect sizes.31 Thus, the
current results may have underestimated the true difference
between the CP and nonpain groups on HRV measures. A
second potential limitation is that HRV and BRS values were
derived from the Finometer pulse wave rather than actual R-R

intervals (ECG), although these 2methods correspond well under
resting conditions as in the current work.50 Reliance on pulse
waves may have caused HF HRV in particular to be over-
estimated.50 This, however, should have affected both groups
equally, and if anything,might haveworked against hypotheses of
lower HF HRV in those with CP compared with controls. Both
reliance on pulse waves and the short assessment periods may
have contributed to the somewhat lower BRS values in the
current work compared with past studies. The use of self-
reported hypertension diagnoses andCP status also are potential
weaknesses, with more detailed assessment of both not feasible
due to the scale of the data collection procedures. A final
limitation is that mediation results indicate statistical mediation
only; all datawere collected during the same session. Prospective
work assessing HRV and BRS at baseline with subsequent
assessment of new-onset hypertension would ideally be con-
ducted to fully support a causal interpretation of the current
findings.

In summary, this study found that in a large unselected
population sample of very wide age range, the presence of CP
(broadly defined) was associated with decreased HRV and BRS
relative to the absence of CP, independent of potential
confounds. Effect sizes were small, but clinically meaningful.
Results consistently supported a model in which risk of
hypertension in the CP population derives in part from diminished
HRV and BRS associated with CP.
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