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Comprehensive Review

Meta-analytic evidence for decreased heart rate
variability in chronic pain implicating
parasympathetic nervous system dysregulation

Lincoln M. Tracy®®, Liane loannou?, Katharine S. Baker®®, Stephen J. Gibson®°, Nellie Georgiou-Karistianis?,
Melita J. Giummarra®°*

Abstract \
Both sympathetic and parasympathetic nervous systems are involved in regulating pain states. The activity of these systems seems
to become disturbed in states of chronic pain. This disruption in autonomic balance can be measured through the assessment of
heart rate variability (HRV), that is, the variability of the interval between consecutive heart beats. However, there is yet to be
a systematic evaluation of the body of literature concerning HRV across several chronic pain conditions. Moreover, modern meta-
analytical techniques have never been used to validate and consolidate the extent to which HRV may be decreased in chronic pain.
Following the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement guidelines, this study
systematically evaluated and critically appraised the literature concerning HRV in people living with chronic pain. After screening
17,350 sources, 51 studies evaluating HRV in a chronic pain group met the inclusion criteria. Twenty-six moderate-high quality
studies were included in quantitative meta-analyses. On average, the quality of studies was moderate. There were 6 frequency-
domain and time-domain measures of HRV across a broad range of chronic pain conditions. High heterogeneity aside, pooled
results from the meta-analyses reflected a consistent, moderate-to-large effect of decreased high-frequency HRV in chronic pain,
implicating a decrease in parasympathetic activation. These effects were heavily influenced by fibromyalgia studies. Future research
would benefit from wider use of standardised definitions of measurement, and also investigating the synergistic changes in pain state

and HRV throughout the development and implementation of mechanism-based treatments for chronic pain.

Keywords: Chronic pain, Heart rate variability, Systematic review, Meta-analysis, Fibromyalgia

1. Introduction

The autonomic nervous system (ANS) comprises the sympathetic
and parasympathetic nervous systems (SNS and PNS). These
systems are responsible for the control of a range of vital
involuntary physiological functions, such as regulating blood
pressure, temperature, and heart rate at rest and in response to
challenge. A balance between the excitatory SNS and inhibitory
PNS is required to adaptively respond to external stressors. This
balance can be visualised through heart rate variability (HRV).
Heart rate variability is the variability in the interval between
successive heart beats and is a sensitive predictor of the capacity
to regulate emotional responses to threatening intrinsic and
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extrinsic stressors.®° This is particularly true for high-frequency
HRV (most commonly defined as the power spectrum between
0.15 and 0.40 Hz), which corresponds with PNS function.? Heart
rate variability reflects both top—down cognitive—affective factors
and ascending baroreceptor activity during respiration.'®” During
inhalation, the PNS is inhibited, leading to phasic quickening of
the pulse eliciting respiratory sinus arrhythmia, that is, variability in
R-R heart period that is (independent of conscious or emotional
states) driven by expiration and inspiration. '® Although high HRV
indicates a highly adaptable nervous system, low HRV is
associated with a plethora of poor long-term health outcomes,
eg, cardiovascular disease, mood disorders, and increased
morbidity.® Dysregulation of the ANS and reduced HRV have
been implicated in the pathogenesis of some chronic pain
disorders.”’!

Clinical observations reveal that many chronic pain conditions,
involving pain that persists for greater than 3 months,*? are
associated with some form of autonomic dysfunction. Several
chronic pain disorders, such as chronic low back pain,45 chronic
neck-shoulder pain,*®°" fioromyalgia,?*®” complex regional pain
syndrome,'?? and phantom limb pain,’'* unanimously provide
evidence for autonomic dysregulation with increased resting
heart rate and reduced HRV. Moreover, reduced physical activity
during leisure and perceptions of physical activity in those with
chronic pain is linked to reduced high-frequency HRV.*®48:97
Two general trajectories may occur here. Chronic pain may lead
directly to dysregulation in the ANS, further diminishing the
capacity to respond adaptively to threats (ie, pain). Alternatively,
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low parasympathetic tone may place one at greater risk of chronic
pain because of the diminished capacity to respond to sensory
and emotional threats. Regardless of the mechanism, both
implicate a greater risk of mortality and disease beyond the direct
impact of pain, warranting systematic evaluation of the evidence,
before recommending targeted management.

Although there have been several systematic reviews of HRV in
fioromyalgia,®" there has been no attempt to systematically
appraise HRV across several chronic pain states. We undertook
a systematic review to critically appraise and compare the
changes in HRV associated with chronic pain conditions and
subjected these findings to meta-analysis for the first time.

2. Methodology
2.1. Data sources

This systematic review followed the “Preferred Reporting ltems
for Systematic Reviews and Meta-Analyses (PRISMA)"®® state-
ment to identify studies featuring patients with chronic pain and
measures of HRV. Six electronic databases were searched (last
search date: May 27, 2014), including MEDLINE, Embase,
CINHAL, PsychINFO, Web of Science, and The Cochrane Library
(see supplementary materials for the search strategy, available
online as Supplemental Digital Content at http://links.lww.com/
PAIN/A165). To ensure that we captured all potential studies, an
overly inclusive set of search terms was used including medical
subject headings (eg, pain, heart rate, and electrocardiography
[ECG]) and keywords (eg, chronic, acute, constant, and long-
term). Reference lists of identified articles were examined, and
citations were systematically tracked for additional potentially

PAIN®

relevant studies. The search outputs were managed using
EndNote Version X7. A flowchart of this process is included as
Figure 1.

2.2. Study selection

To be included in this review, empirical studies had to evaluate

HRV in a chronic pain sample and compare this variability with

that of healthy controls, or to investigate changes in HRV before

and after an intervention (eg, biofeedback training). Studies were

excluded if they

(1) recruited sample sizes smaller than 10;

(2) measured cardiovascular and/or physiologic activity but not
HRYV (ie, heart rate or blood pressure only);

(8) did not involve human subjects (ie, animal studies);

(4) recruited participants younger than 18 or older than 65 years;

(5) recruited participants with a history of cardiovascular compli-
cations (eg, angina, heart disease, chest pain, myocardial
infarction, etc.);

(6) performed research on unconscious participants (eg, coma
patients or patients under anaesthesia);

(7) were in alanguage other than English, because lack of resources
available for translation.

2.3. Study inclusion

The references were systematically screened for inclusion or
exclusion by authors L. M. Tracy and M. J. Giummarra, based on
title and abstract according to the criteria above. Each reviewer
assigned an inclusion code of yes, no, or unsure. The reviewers
were blind to the other reviewer’s decisions and author L. loannou

Search Strategy

26/05/2014
Medline Web of Science EMBASE CINAHL Cochrane Library PsychINFO Clinical Trials
(1950-Present)
n=5,032 1=5,581 14,004 1=991 =972 1=218 n=52
Total
n=17.350
Duplicates removed
n=9.411

Included
n=53

Excluded

References identified
through citations and

(First Screening)

n=9,005

reference lists

Figure 1. Flowchart of the search strategy; n, number.

Full Text Articles

Assessed for
Eligibility

n=459

|

Articles Included in

Excluded
(Second Screening)
n=373

Data Extraction

n=86

Ii

Articles Included in

Excluded
(Third Screening)
n=35

Review
n=51

Articles Included in
Meta-Analysis
n=26
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was available to resolve conflicts. Full-text articles were obtained
for all references that either reviewer identified as “yes” or
“unsure” and then independently assessed for eligibility by
authors L. M. Tracy and K. S. Baker based on the areas of
interest expressed above. If a consensus could not be reached,
a third reviewer (author L. loannou) was approached for
consultation.

2.4. Quality appraisal

A modified version of the quality appraisal process proposed by
Hayden et al.>® was conducted by authors L. M. Tracy and K. S.
Baker to evaluate potential sources of bias across 5 domains:
study participation, prognostic factor measurement, outcome
measurement, measuring and accounting for potential con-
founding factors, and statistical analysis. In studies where an
intervention was performed, these studies were assessed for
response rate, whether any attempts were made to collect
information from participants who dropped out of the study,
disclosure of the reasons for loss to follow-up, and whether there
were important differences between key characteristics and
outcomes in participants who completed the study and those
who did not. Additional appraisal of the quality of the articles
included noting whether the authors had disclosed the source of
the funding or the project, or declared potential conflicts of
interest. Each reviewer assigned a code if potential sources of
bias were addressed within each domain (yes, no, partly, unsure,
or not applicable). The individual codes were then averaged to
provide an overall representation of the quality of each study.
Discrepancies were resolved through consensus with another
reviewer (author L. loannou) where necessary.

2.5. Data extraction

Data were independently extracted from each study by author
L. M. Tracy through a piloted, customised data extraction form.
The following data were extracted: (1) country the study was
performed in; (2) sample characteristics (including type of chronic
pain, inclusion and exclusion criteria for patients with chronic pain
and controls, sample size in each group, gender distribution, and
participant age [mean and SDJ); (3) HRV measurement data (ie,
condition in which HRV was recorded [eg, 24-hour Holter ECG],
length of recording analysed, specific HRV parameters recorded
lie, frequency-domain and/or time-domain measures]); and (4)
group-specific outcomes for HRV parameters (mean and SD for
each group). Where data were presented only in graphical form,
Engauge Digitizer Version 4.1% was used to digitally convert the
graphical representations of data to an accurate numerical
representation.

2.6. Data synthesis and meta-analysis

Considering the diverse nature of HRV measures, outcomes
reported were divided into standard categories of frequency-
domain and time-domain measures of HRV. Within each
category, different constructs of HRV were possible (eg, low
frequency, R-R interval [RRI], etc.), and the 3 most commonly
reported outcome measures from each domain were selected for
meta-analysis. Table 1 provides the abbreviations and a description
for the various parameters of HRV. Using the mean HRV outcome
data and SDs from each group, the standardised mean difference
was calculated for the low-frequency and high-frequency HRV
outcome measures. The mean difference was calculated for the
remaining outcome measures: the low-frequency to high-frequency

www.painjournalonline.com 9

Abbreviations used for describing autonomic nerve system
functions.

Mean IBI Mean interbeat interval, duration between 2 consecutive

cardiocycles averaged through record period, is the

result of influence of all regulatory mechanisms on heart

rhythm (also known as R-R interval)

SD of all normal R-R intervals within the full 24-h

recording

Simple index of heart rate fluctuations that take strictly

less than 5 min to evolve and are calculated by first

computing the SD of normal R-R intervals within each

5 min block, then averaging over a full 24-h recording

SD of the normal-to-normal (NN) interval reflects

general variability of heart rate influenced by both

sympathetic and parasympathetic branches, and also

endocrine and thermoregulatory mechanisms

SD of sequential 5-min R-R interval means; mostly used

as a parameter in 24-h recordings; it is suggested that it

reflects mostly humoral influence and the activity of

central autonomic structure on heart rate

Ratio of the SD-5 min to the RMSSD; unitless ratio

Root mean square successive difference (the square

root of the mean squared differences of successive NN

interval); the RMSSD statistic is shown to represent

a high-pass filter that effectively not only captures

respiratory sinus arrhythmia but also passes lower

frequency fluctuations that can include sympathetic

influences

The mean number of times per hour in which the change

in consecutive normal sinus (NN) intervals exceeds 50

milliseconds; it is suggested that this reflects, similar to

RMSSD, mostly the influence of parasympathetic activity

HF High-frequency power of spectral analysis of heart rate,
0.15-0.4 Hz; reflects short-term fluctuation of heart rate
induced by parasympathetic part of ANS

LF Low-frequency power of spectral analysis of heart rate
0.03 (0.04)-0.15 Hz; clinical meaning is widely
discussed; most authors suggest that it reflects both
sympathetic and parasympathetic (baroreflex)
influences on heart rate

MF Mid-frequency power of spectral analysis of heart rate,
0.05-0.15 Hz, was proposed as part of a spectrum that
likely reflects a baroreceptor activity; at present is rarely
used

VLF Very low-frequency power of spectral analysis of heart
rate, <0.03 (0.04); also not well defined, but it
suggested to reflect an influence of hormones’
autonomic centers in brain and thermoregulatory
mechanisms

ULF Similar to VLF, a spectral component with very low
oscillations (<0.003 Hz); also believed to reflect
circadian and neuroendocrine rhythms

TP Total power of all spectrum; reflects the general
variability of the heart rate induced by all factors that
influence the heart

SD-24 h

SD-5 min

SDNN

SDANN

SD ratio

RMSSD

pNN50

LFny Low-frequency power expressed in normalised units*
HF High-frequency power expressed in normalised units*
LF/HF ratio Reflects the relative balance between sympathetic and

vagal control (many authors have argued that the LF/HF
ratio cannot be considered as an index of
sympathovagal balance)

Square root of the computed ratio of the integrated
spectral power of the low-frequency band to that of the
high-frequency band; unitless ratio

* Represents the relative value of each power component in proportion to the total power minus the VLF
component. The representation of LF and HF in nu emphasises the controlled and balanced behaviour of the 2

branches of the ANS.
ANS, autonomic nervous system.

SQLF/HF

Copyright © 2015 by the International Association for the Study of Pain. Unauthorized reproduction of thisarticleis prohibited.
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HRV ratio, the square root of the mean squared difference of
successive R-R intervals (RMSSD), the SD of the normal-to-normal
(R-R) interval (SDNN), and the mean interval between normal heart
beats (RRI). In studies where the data were presented as the mean
and the standard error of the mean or the mean with the coefficient
of variation, the SD was calculated. Where data were presented
over multiple periods of time (eg, windows of time during the
morning and evening), the overall mean and SD were calculated.
Data for each outcome measure of HRV were pooled and, where
appropriate, organised by major chronic pain conditions of irritable
bowel syndrome (IBS), fibromyalgia, musculoskeletal pain, chronic
prostatitis and/or chronic pelvic pain syndromes, neuropathic pain,
and head and/or orofacial pain. In cases where the same study
provided multiple results for more than one HRV outcome measure
under a particular outcome (eg, reporting both the absolute value
and the logarithmic value of low-frequency HRV), the sample size
was reduced based on the number of times it was present in the
outcome group to not inflate the overall sample size, whereas the
mean remained unadjusted. This is consistent with practices of
previous systematic reviews; eg, Berryman et al.'* Quantitative
analyses were undertaken with Review Manager (RevMan Version
5.3; Ref. 5) software. Studies were excluded from quantitative
analysis if they did not report sufficient data or if the mean and SD
values were not reported or could not be estimated from group level
statistical results. Only studies that were deemed to be of moderate-
to-high quality were included in meta-analyses. The presence of
statistically significant heterogeneity was decided on the basis of x?,
P < 0.10, and substantial heterogeneity on the basis of /* > 60%.5”
Estimates of effect size were interpreted as small (0.20), moderate
(0.50), or large (=0.80).2°

3. Results

The literature search yielded 17,350 references. After duplicates
were removed, 9411 remained, and 9382 did not meet the inclusion
criteria, leaving 29 studies for consideration. A further 53 references
were sourced from reference lists and citations of relevant articles and
considered for inclusion. Atotal of 51 studies met the inclusion criteria
for data extraction, with 26 studies included in quantitative meta-
analyses (Fig. 1). The characteristics for which data were extracted
(ie, sample size, participants, outcome measures, main findings, or
remarks) for each study are presented in Table 2. A snapshot of the
study findings is presented in Table 3. The earliest study was from
1993, with 57% (n = 29) of the studies being published after 2005.
The United States of America was the most common location of
studies (n = 16, 31%), with the remaining studies performed in 21
other countries. Studies recruiting patients with IBS were the most
common (n = 16, 31%), closely followed by fibromyalgia (n = 13,
25%). Five studies involved an intervention, either experimental drug
therapy or biofeedback training.5':527587.115

3.1. Quality appraisal of included studies

From the 51 included studies, 7 studies were rated as high
quality, 28 had moderate quality, and 16 were low quality
(Table 4). The quality appraisal process yielded 3 notable
observations. First, despite all studies recruiting participants in
a state of chronic pain, 17 failed to quantify the pain that
participants were currently experiencing through a specific,
validated measure (eg, the McGill Pain Questionnaire®?), whereas
5 others only partially quantified this pain through measures with
a broader focus that also included some form of pain reporting
(eg, the Short Form-36 health survey ). Only 7 of the 35 studies
published in or after 2005 measured pain in accordance with the

PAIN®

IMMPACT recommendations for outcomes in chronic pain
research.*C These 7 studies all used numerical rating or visual
analogue scales to measure pain intensity,0:65:79:118.115.116.122
Second, inclusion criteria for studies focussing on specific
chronic pain conditions had unique inclusion criteria and
definitions for the chronicity of their participants’ pain (Table 2).
Examples include the use of the American College of Rheuma-
tology 1990 criteria for the classification of fioromyalgia, '3 the
International Congress of Gastroenterology Rome | and |l criteria
for IBS,"** and the 1992 research diagnostic criteria for
temporomandibular disorders.®' Despite this, the duration for
which patients in the studies had experienced chronic pain was
a minimum of 3 months, consistent with the commonly used
definition of “chronic pain.”*? Four studies reporting the use of
international diagnostic criteria did not specify a required
duration.'09:198:118.122 On)y 2 stydies failed to report any duration
or diagnostic criteria. "2

The extent to which potential confounding factors for HRV
were controlled for varied extensively. The resting rhythm of the
heart is controlled by the sinoatrial node, which is modulated by
both sympathetic and parasympathetic inputs,®>'%° and ther-
moregulation, the sleep—wake cycle, hormones, stress, physical
activity, and eating can influence such inputs. Moreover, the use
of many medications influences HRV and the activity of the wider
ANS. Twenty-seven of the 51 studies excluded participants
who were taking medication(s) that were known to interfere with
HRV, alter ANS activity, or influence pain perception,®:'9-22:29:33.36.
49-51,56,59,62,79,84,86-88,99,100,104,108,113,116,123,131 whereas there
were 8 studies that did not report excluding patients based on
their medication regimens or did not control for the effects of the
medication in statistical analysis.0:9272.75:82.115.125186  geyn
studies requested that participants refrain from taking medications
before testing.26:60:63:64.74.105.112 Flayen studies allowed partic-
ipants to continue their medication regimens during testing; 3 of
which controlled for these effects in statistical analysis,®2"2®
whereas the remaining 8 did not.'819:32:56.77.101,104,122

Based on the overall interpretation of the quality appraisal, 12
studies were deemed to not appropriately account for and/or
measure potential confounding factors (eg, medication use, etc.) in
the design and implementation of their protocoal. Eight of these 13
studies were classified as low quality overall and were not included
in the meta-analyses. Studies were appraised to be of lower quality
if they did not control for important confounding dimensions such
as sleep or medication use either in the way they recruited and
included participants or if the influence of these factors was not
controlled for during statistical analysis. Although the remaining 4
studies did not appropriately account for potential confounders of
HRV, their overall quality was considered high enough to be
included in the meta-analyses. Thorough sensitivity analyses and
funnel plots were not undertaken; however, given the fact that the
fioromyalgia studies seemed to be driving some of the overall
effects, meta-analyses were conducted both with and without
these studies to determine their impact on the findings. Given the
detailed inclusion and exclusion criteria (eg, excluding studies with
sample sizes <10) and the extensive screening, review, and quality
appraisal processes, we are confident that this ensured that the 51
studies included in the systematic review (and 26 studies in the
subsequent meta-analyses) were not selected on the basis of
arbitrary or unclear grounds. Furthermore, the potential for
publication bias was viewed to be low considering many articles
published nonsignificant findings. Because of these factors, the
results from the meta-analyses were considered to be robust.

The 5 studies involving an intervention were appraised for the
extent to which they controlled for potential sources of attrition bias.
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Evidence table for the included studies.
Study Country Inclusion criteria Chronic pain Control
Number Age Gender Number Age Gender
Irritable bowel syndrome
Adeyemi et al.® UAE Rome | 35 39.1 £95 263;9Q 18 382 £ 6.5 123;6 Q@
Burr et al.'® USA Rome | 106 32778 106 Q 4 32.2 + 8.1 419
Cain etal."® USA Rome | 165 248 +57 1659Q 50 322+ 6.7 50 Q
Elsenbruch et al.*? USA Rome | 24 328 1.4 24 Q 20 325+ 1.1 20 @
Elsenbruch and Orr®® USA Rome | 24 328=*14 249Q 20 325+ 1.1 20 Q
Heitkemper et al.>® USA Rome | 25  326*x80 259Q 15 325+ 86 15 Q
Heitkemper et al.>® USA Rome | 103 32.6 = 8.1 103 @ 49 32277 49 Q
Jarrett et al.%° USA Rome Il 35 23.3 £ 4.6 35 Q 38 322 +6.7 38 Q
Karling et al.®* Sweden Rome | 18 316 = NR 403,149 36 31.4 = NR 603;28Q
Mazur et al.&8 Poland Rome Il 23 45+13 80,159 30 47 = 30 153,15 Q
Orretal.'”! USA Rome | 15 349*21 20,139 15 36.2 + 2.3 20,139
Pellisser et al.'% France Rome Il 27 40 = 14 90,18 Q 21 39 = 12 80,139
Robert et al.'?* USA Rome Il 70 36620 709 21 347 +19 219
Thompson et al.'? USA Rome | 16 37 +2 16 Q 21 38 +2 21 Q
Tillisch et al.'® USA Rome | 130 41.1+10 650,65Q 55 402 =10 313,24 Q
Warring et al.™' Ireland Rome Il 30 34=x2 30 Q 30 38 %2 100 @
Fibromyalgia
Cohen et al.? Israel ACR 1990 22 4Tx7 22 Q 22 47 =7 22Q
Cohen et al.?! Israel ACR 1990 19  458=71 190 19 NR 190
del Paso et al.?® Spain ACR 1990 35 50 + 6.7 30;32¢Q 29 494 +94 23,27 Q
del Paso et al.?’ Spain ACR 1990 35 505 + 6.7 30;32¢9Q 29 494 +94 23,27 Q
Dogru et al.? Turkey ACR 1990 50 387 50 @ 30 36 =8 30 Q@
Furlan et al.*° [taly ACR 1990 16 439 = 3.2 10,159 16 372 36 10,159
Hassett et al. 5>+ USA ACR 1990 12 NR=NR 129 NA NA + NA NA
Kulshreshtha et al.”*+ India ACR 1990 21 40 £ NR 21 Q NA NA = NA NA
Kulshreshtha et al.” India ACR 1990 42 399564 429 42 38.23 = 5.7 42 Q
Lerma et al.”® Mexico ACR 1990 22 32479 22 Q 22 30474 22 Q
Martinez-Lavin et al 2* Mexico ACR 1990 19 46+105 199 19 45 = NR 199
Martinez-Lavin et al.2¢ Mexico ACR 1990 30 386 =105 23,289 30 NR NR
Raj et al.'® Canada ACR 1990 17 418=+65 179 14 351 +77 14 Q
Musculoskeletal
Chronic neck and/or
shoulder pain
Hallman et al.*® Sweden Perceived pain in neck/ 23 405+71 20,219 21 408 7.0 23,199
shoulder area
Hallman et al.' Sweden Perceived pain in neck/ 12 40+9 10,11 9Q 11 43+ 4 10,10 Q
shoulder area
Hallman and Lyskov® Sweden Perceived pain in neck/ 23 405+71 20,219 22 410+6.9 23,209
shoulder area
Matsubara et al.8"§ Japan Chronic neck pain 22 36.4 + 6.7 22 @ 11 348 £ 4.0 1
Shiro et al.''® Japan Tightness and tenderness 14 295+41 149 12 287 = 4.6 12 Q
in upper trapezius muscle
Chronic low back pain
Kalezic et al.®® Sweden Pain in lower back region 93 387 45 ;48 Q 32 36+9 160,159
=3 mo
Shankar et al.""> | India Pain in lower back region 60 353%57 200,409 30 35.9 + 415 130,17 Q
=6 mo
Chronic widespread
musculoskeletal pain
Lavigne et al.”’ Canada Widespread 24 440+28 110,139 24 465+ 33 123,129
musculoskeletal pain in
shoulder, lower back,
neck, or leg (=3 mo
duration)
Whiplash associated
disorders
De Kooning et al.?® Belgium QTF Grade I-lll 30 436 2944 60,249 31 4345 = 1587 73,24 ¢Q
Chronic prostatitis/chronic
pelvic pain syndrome
Cho et al.?° Korea CP/CPPS diagnosis 59 465+ 702 590 94 48.4 + 596 9
Napadow et al.*q USA CP/CPPS diagnosis 15 363106 15Q NA NA NA

(continued on next page)
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Table 2 (continued)
Study Country Inclusion criteria Chronic pain Control
Number Age Gender Number Age Gender
Yilmaz et al."®® USA Pain in pelvis lasting =3 22 42894 220 20 40.4 +=13.2 200
mo, including perineum,
lower back, abdomen,
rectum, testicles, or penis
(during urination or
ejaculation)
Neuropathic pain
Chronic widespread pain
Barakat et al." Netherlands ~ NR 731 445+ 122 1893;542Q 843 419+ 136 365 g; 478 Q
Complex regional pain
syndrome
Terkelsen et al.'* Denmark IASP CRPS 1999 20 43+12 8a;129 20 43 + 14 8a;129Q
Peripheral diabetic
neuropathy
Kramer et al.”? Germany NR 30 524+25 170,139 34 50.6 + 2.2 193;15Q
Head/orofacial pain
Chronic migraine
Nilsen et al.'® Norway ICHD-1 1988 16 234+32 169 14 228 +15 14 Q
Sanya et al.'"® Germany ICHD-1 1988 30 342 5d;259Q 30 34+3 80,229
Tension-type headache
Pogacnik et al.'% Slovenia ICHD-1 1988 51 356 +84 9d;429Q 45 35.6 + 8.2 293,16 Q@
Temporomandibular
disorders
Eze-Nilam et al.%® USA RDC TMD 1992 37 33 +13 8d;29Q 56 26+6 17 3,39 @
Maixner et al.% USA Modified RDC TMD 1992 185 NR NR 1633 NR NR
Functional abdominal pain
Jorgensen et al.% Denmark Episodic abdominal pain 22 NR 83,14 Q 14 NR 5d;,9¢Q
for at least 2y, or
constant pain for 1y
Postinfective fatigue
syndrome
Kadota et al.5? Australia CDC 1994 23 42 +11.3 73,16 Q 25 40 + 1.8 94g;16 @

Data are reported as mean + SD.

* Recruited patients with IBS with both presence (BS + DS) and absence (IBS — DS) of depressive symptomatology. Patients with IBS + DS were significantly older than patients with IBS — DS and controls.
1 Pilot study for efficacy of HRV biofeedback in women aged 18 to 60 with fibromyalgia (FM), did not recruit controls.

T Investigated effect of 3 months amitriptyline therapy on autonomic function, did not recruit controls.

§ Recruited patients allocated to either local or distal acupuncture intervention groups (both n = 11).

Il Recruited patients allocated to either drug (valdecoxib) or acupuncture intervention groups (both n = 30).
9 Recruited patients underwent 2 forms of vagal afferent nerve stimulation, did not recruit controls.

Q, female; g, male; ACR, American College of Rheumatology diagnostic criteria for fibromyalgia; CDC 1994, Centre for Disease Control and Prevention clinical case definition for chronic fatigue syndrome 1994; CP/CPPS,
chronic prostatitis/chronic pelvic pain syndrome; FM, fibromyalgia; HRV, heart rate variability; IASP CRPS 1999, International Association for the Study of Pain diagnostic criteria for complex regional pain syndrome and

proposed research diagnostic criteria 1999; IBS, irritable bowel syndrome; ICHD-1, International Classification of Headache Disorders-1 1988; NA, not applicable; NR, not reported; QFT WAD, Quebec Task Force for the
classification of whiplash associated disorders; RDC TMD 1992, Research Diagnostic Criteria for Temporomandibular Disorders 1992; Rome |, International Congress of Gastroenterology Rome criteria for irritable bowel

syndrome 1990; Rome I, International Congress of Gastroenterology Rome criteria for irritable bowel syndrome 2000; UAE, United Arab Emirates; USA, United States of America.

Overall, there was little information reported as to potential sources
of attrition bias (ie, response rate, participant dropout, etc.). None
of the 5 studies reported that participants were lost to follow-up,
although one study reported missing data for some participants.®?

3.2. How heart rate variability was measured—techniques
and durations

Most studies reported the use of assorted ECG arrays (eg, bipolar
ECG, etc.) to measure heart activity.5:10:20:27:28.32,38,40.49.51,62,59.60,
63,64,72,74,75,82,84,87,88,99-101,104,105,112,113,116,122,123,125,131,134,136
A Holter monitor, which is a lightweight, portable device for
continual monitoring of the electrical activity of the cardiovascular
system, was used in 11 studies.'819:21:22:29.50.55,56,79,86,108 | |o|tar
monitors have been used in clinical settings since the 1960s.%% One
study'"® recorded cardiovascular activity through a student poly-
graph machine (INCO), whereas another®® employed the use of
a pulse oximeter to monitor activity of the heart. The use of a pulse
oximeter for heart rate recording provides a less accurate and
detailed representation of autonomic function compared with more
commonly used methods such as ECG.%2

Nine studies examined 24-hour Holter ECG record-
ings. 18:19:29.50.55.56.79.86.108 Tyyq other studies used the Holter
monitor for shorter periods of time (20 minutes each, Refs. 21,22).
In addition to the 9 studies that recorded HRV for a 24-hour
period, 6 studies recorded HRV including a period of
sleep.36:99.77:101.112.128 ghorter periods of HRV recording were
also reported, including 5 minutes’20,28,40,49,52,63,74,75,99,1 13,116,131,136
6 minutes,”'%® 10 minutes,?”®87:100.104122.125 15 mjnytes 8084
20 minutes,®? and 30 minutes.®>338 Three studies recorded HRV for
aperiod of less than 5 minutes, > "® and 4 studies did not report the
duration of HRV recording.'026:9964

Twenty-five studies recorded HRV while participants were in
a Supine pOSitiOﬂ,Em 0,20-22,32,33,40,52,64,72,74,75,82,84,87,99,100,105,113,115,
122125131136 gnq 7 studies recorded HRV while the participants were
seated 27+28:4951:62104116 | aqdiition to these static recordings, the
studies that used 24-hour Holter monitor recording recorded HRV
over a range of activities that occur during the wake and sleep period,
meaning that participants in these studies could have been in arange
of positions throughout—supine, seated, standing, etc. Four studies

failed to report the orientation of participants during the recording of
HRV.26’6O’63’88
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Methods of HRV measurement and chronic pain-related findings.

Study

Condition of recording and data length
for analysis

Derived HRV measures

HRV and chronic pain-related findings

Irritable bowel syndrome

Adeyemi et al.®

Burr et al.'®

Cain et al.”®

Elsenbruch et al.*
Elsenbruch and Orr*®

Heitkemper et al.%®

Heitkemper et al.%®

Jarrett et al.%°

Karling et al.%*
Mazur et al 88

Orretal.'®!

Pellisser et al.'®

Robert et al.'"?

Thompson et al.'?®

Tillisch et al.'?®

Warring et al.'®!

Fibromyalgia
Cohen et al.??

Cohen et al.”!

del Paso et al.?

del Paso et al.?’

Dogru et al.?

Furlan et al.*°

Hassett et al.52

3-min supine ECG

24-h Holter ECG

24-h Holter ECG

30-min supine ECG
30-min supine ECG

24-h Holter ECG

24-h Holter ECG

ECG during sleep (time period not
specified)

Supine ECG (duration of recording not
specified)

30-min ECG

10-h ECG; analysed two 15 min segments
(one each from REM and non-REM sleep
periods)

10-min seated ECG

Continuous ECG recording during sleep;
15-min periods during presleep waking,
stage-2 sleep, slow-wave sleep, and REM
sleep

Continuous ECG recording from 30 min
presleep overnight; analysed 15 min
windows in presleep, NREM stage-2 sleep,
and REM sleep

10-min supine ECG

5-min supine ECG

20-min supine Holter ECG

20-min supine Holter ECG

5-min seated ECG

10-min seated ECG

24-h Holter ECG

5-min supine ECG

5-min supine ECG

VLF (0.0078-0.039 Hz), LF (0.039-0.136 Hz),
HF (0.136-0.4 Hz)

LF (0.016-0.15 Hz), HF (0.15-0.4 Hz), LF/HF,
SQLF, SD-5 min, RMSSD, pNN50, InHF, SD
ratio

LF (0.04-0.15 Hz), HF (0.15-0.4 Hz), LF/HF

LF (0.04-0.15 H2), HF (0.15-0.4 Hz), LF/HF
LF (0.04-0.15 H2), HF (NR), LF/HF

LF (0.016-0.04), MF (0.04-0.15), HF
(0.15-0.4), InLF, InMF, InHF, LF/HF, SQLF/HF,
R-R interval

LF (0.016-0.04), HF (0.15-0.4), InLF, InMF,
InHF, LF/HF, TP, SD-5 min, SDANN, SD-24 h,
RMSSD, SD-5 min/RMSSD, pNN50

InHF (0.15-0.4 Hz), LF/HF, SD-5 min, RMSSD,
SD-5 min/RMSSD

InLF (0-0.04 Hz), InMF (0.04-0.15 Hz), InHF
(0.15-0.45 Hz), TP

LF (0.04-0.15 Hz), HF (0.15-0.45 Hg), InLF,
InHF, LFy, HF ., LF/HF

LFy, (0.05-0.15 Hz), HF¢, (0.15-0.5 Hz), LF/HF

VLFy, (0.0033-0.004 Hz), LF, (0.04-0.15 Hz),
HFn, (0.15-0.4 Hz), LF/HF
LFy, (0.04-0.15 Hz), HFy, (0.15-0.4 Hz), LF/HF

LF (0.04-0.15 Hz), HF (0.15-0.4 H2), LF/HF,
LFs,, HFy,

PPHF (NR), PR

InLF (0.04-0.15 Hz), InHF (0.15-0.4 Hz), LF/HF
InLF (0.04-0.15 H2), InHF (0.15-0.5 Hz), LFs,
HFo, LF/HF

InLF (0.04-0.15 Hz), InHF (0.15-0.5 Hz), LF/HF,
LFo, HFy, R-R interval, SDNN

VLF (0-0.04 Hz), LF (0.04-0.15 Hz), HF
(0.15-0.4 Hz), LF/HF, TP, R-R interval

VLF (0-0.04 Hz), LF (0.04-0.15 Hz), HF
(0.15-0.4 Hz), LF/HF, TP, R-R interval

LFpy (0.04-0.15 H2), HF, (0.15-0.4 Ha), LF/HF,
TP, SDNN index, RMSSD, pNN50

LF (~0.1 Hz), HF (=~0.5 Hz), LF,,, HF,, LF/HF,
R-R interval

InLF (0.04-0.15 Hz), InHF (0.15-0.5 H2)

Median power spectral density in VLF frequency
band lower in controls vs patients with IBS
SD-5 min, RMSSD, pNN50, InHF lower in
women reporting high pain, SQLF/HF, SD ratio
higher in women reporting postprandial pain
Constipation-predominant patients had lower HF
and higher LF/HF ratio compared with
diarrhoea-predominant patients and controls
No difference in HRV between patients and
controls

No difference in HRV between patients and
controls

Patients with IBS displayed lower InLF and SQLF/
HF relative to control women

No difference in HRV between patients and
controls

No difference in HRV between patients and
controls

Patients with IBS had increased InMF and TP
compared with controls

Patients displayed decreased LF, HF, InLF, InHF,
HF ., and LF/HF compared with controls
Patients displayed increased LFo, when awake
and increased LF/HF during REM sleep
compared with controls

Patients have increased LF,, and LF/HF but
decreased HF,,, compared with controls

No difference in HRV between patients and
controls

Patients display reduced HFs, compared with
controls during REM sleep

Patients display decreased PPHF and increased
PPR compared with controls

No difference in HRV between patients and
controls

Fibromyalgia patients displayed significantly
decreased HFo,, but increased LFo, and LF/HF
compared with controls

Fibromyalgia patients displayed significantly
decreased HFo, but increased LFo, and LF/HF
compared with controls

Fibromyalgia patients displayed reduced VLF,
LF, HF, TP, and increased LF/HF compared with
controls

Fibromyalgia patients display decreased VLF,
HF, and TP, but increased LF/HF compared with
controls

Patients with fibromyalgia display increased LF
and LF/HF, but decreased HF compared with
controls

Patients with fibromyalgia had increased LF,
and LF/HF but decreased HF,, and R-R interval
compared with controls

No difference in HRV between patients before
and after 10 wk HRV biofeedback training

(continued on next page)
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Table 3 (continued)

Study Condition of recording and data length Derived HRV measures HRV and chronic pain-related findings
for analysis
Kulshreshtha et al.”*+ 5-min supine ECG LFq. (NR), HF (NR), LF/HF, TP, SDNN, RMSSD, No difference in HRV between patients before
NN50, pNN50 and after 3 mo amitriptyline therapy
Kulshreshtha et al.” 5-min supine ECG LFo (NR), HF,y (NR), LFo,, HFs,, LF/HF, TP, Patients displayed reduced HF.,, SDNN, SDSD,
SDNN, SDSD, RMSSD, NN50, pNN50 RMSSD, NN50, and pNN50 compared with
controls
Lerma et al.”® 24-h Holter ECG R-R interval, SDNN, SDANN, SDSD, RMSSD,  Patients display reduced SDNN and SDANN
pNN50 compared with controls
Martinez-Lavin et al.®*+ ~ 15-min supine ECG LF,, (0.05-0.15 Hz), HF,, (0.15-0.35 Hz), NR
SDNN, R-R interval
Martinez-Lavin et al.® 24-h Holter ECG LF (0.05-0.15 Hz), HF (0.15-0.35 Hg), LF/HF,  Patients display reduced SDNN, SDANN, and
R-R interval, pNN50, RMSSD, SDANN, SDNN  pNN50 compared with controls
Raj et al.'® 24-h Holter ECG InLF (0.04-0.15 Hg), InHF (0.15-0.4 Hz), LF/HF,  Patients display reduced HF, SDNN, SDANN,
InTP, SDNN, SDANN, pNN50, RMSSD pNN50, and RMSSD but increased LF/HF
compared with controls
Musculoskeletal
Chronic neck/shoulder pain
Hallman et al.*® 5-min seated ECG InLF (0.05-0.15 Hz), InHF (0.15-0.4 Hz), LF,,,, Patients had reduced LF and SDNN compared
SDNN, NN50, R-R interval with controls
Hallman et al.5"§ 10-min seated ECG InLF (0.05-0.15 Hz), InHF (0.15-0.4 Hz), SDNN,  No difference in HRV between patients and
NN50, R-R interval controls at baseline; biofeedback training

increased InLF in patients
Hallman and Lyskov®® 24-h Holter ECG; 12 X 30 min windows  InVLF (0-0.04 Hz), InLF (0.04-0.15 Hz), InHF  Patients with pain displayed reduced VLF, InLF,

analysed over 6 preselected periods (0.15-0.4 Hz), SDNN, pNN50, R-R interval InHF, SDNN, and pNN50, and also shorter
interbeat interval in comparison with controls
Matsubara et al.5” || 10-min supine ECG LF (0.04-0.15 Hz), HF (0.15-0.5 Hz), LF/HF No differences in HRV between patients and

controls before intervention; local acupuncture
increased HF compared with pretreatment

values
Shiro et al.'*® 5-min seated ECG LF (0.04-0.15 Hz), HF (0.15-0.4 Hz) No difference in HRV between patients and
controls
Chronic low back pain
Kalezic et al.%® 5-min resting ECG LFoy (NR), HF,y (NR), SDNN Patients had increased LF,, but lower HF,
compared with controls
Shankar et al.”w 1-min supine recording with student E:l ratio Patients displayed lower E:l ratio compared with
physiograph machine (INCO) healthy controls at rest; valdecoxib therapy
significantly decreased E:l ratio from baseline in
patients
Chronic widespread
musculoskeletal pain
Lavigne et al.”” Continuous overnight ECG recording; 3min  LF,, (0.04-0.15Hz), HF,,, (0.15-0.4 Hz), LF/HF, No difference in HRV between patients and
periods from REM and non-REM sleep R-R interval, SDNN, pNN50 controls
analysed
Whiplash associated
disorders
De Kooning et al.?® Continuous recording by Nexus 10 device InLF (0.04-0.15Hz), InHF (0.15-0.4 Hz), SDNN, No difference in HRV between patients and
RMSSD, R-R interval controls
Chronic prostatitis/chronic
pelvic pain syndrome
Cho et al.?° 5-min seated ECG VLF (0-0.04 Hz), LF (0.04-0.15 Hz), HF CP/CPPS patients exhibited lower VLF, HF, TP,
(0.15-0.4 Hgz), LF/HF, TP, SDNN, RMSSD SDNN, and RMSSD compared with controls
Napadow et al.%%** 5-min supine ECG LF (0.01-0.15 Hz), HF (0.15-0.5 Hz), LF/HF No difference in HRV between patients and
controls at baseline; no difference in HRV
between patients and controls after vagal
afferent nerve stimulation
Yilmaz et al."®® 5-min supine ECG LF (0.04-0.15 Hz), HF (0.15-0.4 Hz) No difference in HRV between patients and
controls
Neuropathic pain
Chronic widespread pain
Barakat et al." Supine ECG (duration not reported) SDNN No difference in HRV between patients and
controls
Complex regional pain
syndrome
Terkelsen et al.'?? 10-min supine ECG LF (0.04-0.15 Hz), HF (0.15-0.4 H), LF,, Patients display reduced R-R interval and SDNN

HF ., LF/HF, TP, R-R interval, SDNN, RMSSD  compared with controls

(continued on next page)
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Table 3 (continued)

Study
for analysis

Condition of recording and data length Derived HRV measures

HRV and chronic pain-related findings

Peripheral diabetic
neuropathy
Kramer et al.”® 6-min supine ECG

Head/orofacial pain
Chronic migraine

Nilsen et al.'® 10-min supine ECG

Sanya et al.''®

5-min supine ECG
Tension-type headache
Pogacnik et al.'® 6-min supine ECG
Temporomandibular
disorders

Eze-Nilam et al.*® 8-h overnight ECG

|.82

Maixner et a 20-min supine ECG

Other
Functional abdominal pain

Jorgensen et al.*° 15-min ECG RMSSD
Postinfective fatigue

syndrome

Kadota et al.6? 2-min seated pulse oximeter RMSSD

RMSSD

TP, SDNN, RMSSD

InLF (0.03-0.15 Hz), InHF (0.15-0.4 Hz), R-R
interval

LF (0.001-0.05 Hz), MF (0.05-0.15 Hz), HF
(0.15-0.45 Hz)

HF (0.15-0.4 Hz), LF/HF, SDNN, RMSSD

InVLF (0.0033-0.04 Hz), InLF (0.04-0.15 Hz),
InHF (0.15-0.4 Hz), InTP, SDNN, RMSSD

Patients have reduced RMSSD compared with
controls

Patients displayed increased TP, SDNN, and
RMSSD in supine ECG compared with controls
No difference in HRV between patients and
controls

No difference in HRV between patients and
controls

Patients displayed decreased HF, SDNN, and
RMSSD but increased LF/HF compared with
controls

Patients display reduced InVLF, InLF, InHF, InTP,
SDNN, and RMSSD compared with controls

Patients with pain had higher RMSSD compared
with controls

Patients with postinfective fatigue syndrome had
shorter RMSSD compared with controls

* Pilot study for efficacy of HRV biofeedback in women aged 18 to 60 with FM.

T Investigated effect of 3 months amitriptyline therapy on autonomic function.

F Supine HRV data collected for patients and controls, but not directly compared.

§ Investigated effect of HRV biofeedback over 10-week period.

Il Recruited patients allocated to either local or distal acupuncture intervention groups.

9 Recruited patients allocated to either drug (valdecoxib) or acupuncture intervention groups.

** Recruited patients underwent 2 forms of vagal afferent nerve stimulation, did not recruit controls.

ECG, electrocardiography; E:l, expiration-to-inspiration ratio; FM, fibromyalgia; HRV, heart rate variability; IBS, irritable bowel syndrome; PPHF, high-frequency peak power; PPR, peak power ratio of low-to-high frequency;
REM, rapid eye movement; SDSD, standard deviation of successive NN differences; SQ, square root. For a description of other abbreviations, see Table 1.

Only 4 studies required participants to pace their breathing to
a metronome, or similar cues. Three of these studies were paced
at 6 breaths per minute,®">1'® whereas the fourth study used
paced breathing at 15 breaths per minute.''® The studies that
recorded overnight or 24-hour data did not measure respiration.
Eight studies reported that participants were asked to breathe
normally,?!:22:49:51.52.63.64.84 \\hereas the remaining 23 studies
provided no description about the respiration state of their
participants. 10,20,26-28,32,33,40,60,62,74,75,32,87,88,99,104,105,116,122,125,131,136

There was tremendous variety in the HRV assessment methods.
Specific meta-analyses were undertaken to identify potential
differences between individuals with chronic pain and healthy
controls based on the recording parameters. For the low-
frequency to high-frequency (LF/HF) ratio, individuals with chronic
pain had significantly larger LF/HF ratio compared with controls,
with an overall effect estimate of 0.91 (95% confidence interval [Cl]
0.36-1.46), comparing across long-term (24 hour, n = 4) and
short-term (<1 hour, n = 11) HRV recordings. Individuals with
chronic pain were also found to have a significantly reduced RRiI
compared with healthy controls, with an overall effect estimate of
—0.59 (95% CI —0.89 to —0.30). However, these effects seem to
be driven by the studies recruiting patients with fioromyalgia and
recording HRV over a shorter period (ie, <1 hour) in a laboratory
setting.??22840 Forrest plots for these additional analyses are
included as Supplementary Materials B and C (available online as
Supplemental Digital Content at http://links.lww.com/PAIN/A165).

3.3. Heart rate variability parameters

Parameters of HRV were divided into the 2 standard outcome
types: frequency-domain and time-domain  measures.
Frequency-domain analyses provide basic information about
how power (ie, variance) is distributed as a function of frequency.
Time-domain measures are simpler and focus on either the heart
rate at any time or on the intervals between successive normal
QRS complexes.” Nineteen studies reported only frequency-
domain measures of HRV, whereas 5 studies were limited to
time-domain measures of HRV. The remaining 27 studies
reported at least 1 frequency-domain measure and also at least
1 time-domain measure. Both frequency-domain and time-
domain measures of HRV can be naturally log transformed when
their distributions are highly skewed (eg, Refs. 117,126).

3.3.1. Frequency-domain measures

The 3 most commonly reported frequency-domain measures of
HRV in our included sample were LF, HF, and the LF/HF ratio
of HRV.

3.3.1.1. Low-frequency heart rate variability

Forty studies derived at least one form of LF-HRV, with the meta-
analysis comparing 677 individuals with chronic pain to 1882
healthy controls, Table 3. Nineteen studies reported the absolute
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Methodological quality of the included articles.

Study Overalls quality 1 2 3 4 5 6 7 Total
Irritable bowel syndrome
Adeyemi et al.® Low P Y P N P N N 5
Burr etal.”® High Y Y Y Y Y Y N 12
Cain et al." Moderate P Y Y P P Y N 9
Elsenbruch et al.> Low P Y p p N N N 5
Elsenbruch and Orr® Moderate P Y P p N Y N 7
Heitkemper et al.®® High p Y p Y Y Y N 10
Heitkemper et al.*® Moderate P Y P P Y N N 7
Jarrett et al.%° Moderate p p N P Y Y N 7
Karling et al.®* Low p P N N P N N 3
Mazur et al.38 Moderate p Y N N Y Y N 7
Orr et al.'! Moderate P Y ? P Y Y N 8
Pellisser et al.'% Low Y Y N P P N N 6
Robert et al.""? Moderate Y Y N P P Y N 8
Thompson et al.'?® Moderate Y Y ? P Y N N 7
Tillisch et al.'® Moderate P Y P N P Y Y 9
Warring et al.™! Low Y Y N P P N N 6
Fibromyalgia
Cohen et al.? Moderate Y Y Y P Y N N 9
Cohen et al.”! Moderate Y Y N P Y N N 7
del Paso et al.?® Moderate p P Y P Y Y N 9
del Paso et al.?’ Moderate P Y N P Y Y N 8
Dogru et al.?® Low Y Y N p P N N 6
Furlan et al.*° Moderate P P P P Y Y N 8
Hassett et al.? Low P P Y N P N N 5
Kulshreshtha et al.”* Moderate P Y N P Y N Y 8
Kulshreshtha et al.” Moderate Y Y N P Y N Y 9
Lerma et al.”® High p Y Y P Y Y Y 12
Martinez-Lavin et al.® Low P P P P P N N 5
Martinez-Lavin et al.2® Moderate p Y p P Y N N 7
Raj et al.'® Moderate Y Y Y N P Y N 9
Musculoskeletal
Chronic neck/shoulder pain
Hallman et al.*° Low P P Y N Y N N 6
Hallman et al.”' Moderate Y Y Y p Y N N 9
Hallman and Lyskov® High P Y Y P Y N Y 10
Matsubara et al.8” Low P P P P Y N N 6
Shiro et al.""® Moderate P Y Y p P N Y 9
Chronic low back pain
Kalezic et al.® Moderate P Y Y Y N 9
Shankar et al.'"® Moderate P P Y p Y N N 7
Chronic widespread musculoskeletal pain
Lavigne et al.”’ Moderate p P N p P Y Y 8
Whiplash associated disorders
De Kooning et al.?® High p Y Y P N Y Y 10
Chronic prostatitis/chronic pelvic pain syndrome
Cho et al.%° Low P Y N P N N N 4
Napadow et al.% Low p p N N N Y N 4
Yilmaz et al."® Moderate P Y Y N P N Y 8
Neuropathic pain
Chronic widespread pain
Barakat et al.”® High p Y Y Y Y Y N 11
Complex regional pain syndrome
Terkelsen et al.'? High Y Y Y P Y Y Y 13
Peripheral diabetic neuropathy
Kramer et al.”? Low P p p N N Y N 5
Head/orofacial pain
Chronic migraine
Nilsen et al.'® Moderate Y Y N P Y N N 7
Sanyaetal.'" Low p Y p N p N N 5
Tension-type headache
Pogacnik et al.'® Low N p N N P Y N 4
Temporomandibular disorders
Eze-Nilam et al.*® Low P Y N P Y N N 6
Maixner et al.® Moderate P Y N P P Y Y 9

(continued on next page)
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Table 4 (continued)
Study Overalls quality 1 2 3 4 5 6 7 Total
Other
Functional abdominal pain
Jorgensen et al.%° Moderate P P N P Y Y N 7
Postinfective fatigue syndrome
Kadota et al.%? Moderate P p N p N Y Y 7

1. Were potential sources of participation bias considered and addressed?

2. Were the theory and methodology of heart rate variability (HRV) measurement sufficiently described?
3. Was the pain level of participants measured and/or quantified?

4. Were all potential confounding factors accounted for?

5. Were the appropriate statistical analyses performed?

6. Was the source of funding disclosed?

7. Were potential conflicts of interest disclosed?

?, unsure; N, no; P, partly; Y, yes.

value of LF-HRV, 14 reported the natural log of the absolute value,
12 reported LF-HRV in normalised units, and 6 reported the
percentage of power in the LF band. The results show an overall
nonsignificant effect estimate of —0.03 (95% Cl —0.25 to 0.19;
Fig. 2), which suggests no difference in LF-HRV between the
healthy control group and participants with chronic pain. A
moderate significant effect estimate of —0.41 (95% Cl —0.67 to
—0.15) was seen within studies reporting the natural logarithmic
transformation of the absolute value of LF-HRV. This effect
estimate suggests that there is alower LF-HRV in individuals living
with chronic pain compared with healthy controls; however, there
was significant heterogeneity for LF-HRV (x* = 69.73; P < 0.001;
P = 67%).

With respect to the studies that were not included in the
quantitative synthesis, none of the 5 studies reporting the absolute
value of LF-HRV reported a significant difference between their
chronic pain cohorts and healthy controls.®2%87:99195 One of the
studies measuring the natural log of the LF-HRV found a significant
decrease in chronic pain,*® whereas the 2 remaining studies did
not.>213 The median percentage of power in the low-frequency
band was reported by 1 study, although no statistically significant
results were reported.”* Finally, 2 studies observed a significant
increase in the LF-HRV in normalised units of their patients with
chronic pain compared to controls,?®®* and 4 failed to find
significant group differences. 7475104

3.3.1.2. High-frequency heatrt rate variability

Forty-two studies reported a measure of HF-HRV (Table 3). Twenty-
one studies reported the absolute value of HF-HRV (ngp = 187 and
NLc = 144 included in the meta-analysis, respectively), 15 reported
the natural log of the absolute value (ncp = 438 and npyc = 1671), 11
reported HF-HRV in normalised units (ncp = 98 and N = 89), and
6 reported the percentage of power in the HF band (ncp = 67 and
Nuc = 56). Pooled results of the comparisons show that chronic
pain was associated with decreased HF-HRV compared with
healthy controls, with a moderate significant effect estimate of —
0.39 (95% Cl —0.60 to —0.19; Fig. 3). Supporting this overall
effect, 3 of the 4 forms of HF-HRV measurement reported significant
effect estimates, —0.40 for the absolute HF value, —0.80 for the
percentage of HF-HRV in the total frequency band, and —0.75 for
HF-HRV in normalised units (95% Cls —0.77 to —0.02, —1.48to —
0.11, and 1.32 to —0.19, respectively). However, there was
significant heterogeneity for HF-HRV in these studies (x> = 85.49;
P < 0.001; * = 70%).

Two low-quality studies reported significant decreases in the
absolute values of HF-HRV within the chronic pain group
compared with healthy controls,?°® whereas 4 studies showed
no significant difference. 198719 None of the 4 lower quality
studies measuring the natural logarithmic transformation of

HF-HRV reported a significant difference between the clinical
and control populations.®264113131 The one study reporting the
percentage of power in the high-frequency band found a signif-
icant decrease in chronic pain compared with controls.”® With
respect to the HF-HRV in normalised units, 2 studies excluded
from the meta-analysis reported significant differences, with 1
reporting a higher value in the healthy controls,?® whereas the
other reported a higher value in chronic pain.8* Three studies
excluded from the meta-analysis reported a nonsignificant
difference in the normalised units of HF-HRV.”#7%:194

The 8 studies in the meta-analysis that reported absolute
HF-HRV were subjected to a second meta-analysis, categorised by
chronic pain condition (ie, IBS, fibromyalgia, other). Pooled results of
the comparisons show that chronic pain is associated with
a decrease in absolute HF-HRV compared with controls, with
amoderate significant effect estimate of —0.40 (95% Cl —0.77 to —
0.02; Supplementary Material D, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A165). Specifically,
this effect was seen for studies recruiting patients with filoromyalgia,
compared to healthy controls (effect estimate of —0.80; 95% CI —
1.14 to —0.46). Significant heterogeneity for absolute HF-HRV was
observed in these studies (x2 = 17.51; P = 0.01; > = 60%).

3.3.1.3. Low-frequency to high-frequency ratio heart rate
variability

The LF/HF ratio for HRV was reported in 29 studies (Table 3).
Combining the results of the 15 studies included in the meta-
analysis (ncp = 557 and nyc = 360) found that chronic pain was
associated with a larger LF/HF ratio compared to healthy
controls, with a large significant effect estimate of 0.99 (95% ClI
0.45-1.53; Fig. 4). However, it is important to remember that this
ratio was generated from a variety of expressions of LF-HRV and
HF-HRV (ie, absolute values, normalised units, etc.). The meta-
analytic outcome seems to have been influenced by studies with
persons with fibromyalgia, which showed a large significant effect
of 2.52 (95% CI 1.47-3.57) when compared with healthy controls.
No other chronic pain conditions displayed significant effects in
the LF/HF ratio. Significant heterogeneity was detected for the
LF/HF ratio (x° = 438.14; P < 0.001; [ = 97%). Of the 7 low-
quality studies reporting values for the LF/HF ratio, only 2 reported
a significant difference between the patients with chronic pain
and the healthy controls?®%%; the results from the remaining 5
were nonsignificant,?%-32/7487,104.131

The LF/HF ratio for the 15 studies was then analysed by
the duration of the HRV recording, classified as either short term
(<1 hour; n = 11) or long term (24 hour; n = 4). Combining the
results of the 15 studies found that chronic pain was associated
with a larger LF/HF ratio compared to healthy controls, with
a large significant effect estimate of 0.91 (95% CI 0.36-1.46;
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Chronic Pain Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight [V, Random, 95% CI IV, Random, 95% CI
1.1.1 Absolute Values
del Paso 2010 1571 153.03 35 292.08 350.66 29 53% -0.51 [-1.01,-0.01) -
del Paso 2011 164 166 35 177 125 29 54% -0.09 [-0.58, 0.41) b
Furlan 2005 573 556 8 579 444 8 3.0% -0.01 [-0.99, 0.97] I
Heitkemper 1998 894 643 13 810 412 8 33% 0.14[-0.74,1.02) -
Heitkemper 2001 2,059 1,369 51 1,983 988 24 54% 0.06 [-0.43,0.54) =
Mazur 2007 650.3 604 12 8116 576 15 3.9% -0.27 [-1.03, 0.50) —
Terkelsen 2012 425 323 10 599 527.12 10  33% -0.38 [-1.27,0.51) S
Yilmaz 2007 2326 2587 22 2474 3147 22 48% -0.05[-0.64, 0.54) ==
Subtotal (95% ClI) 186 145 34.4% -0.15[-0.37,0.07] &
Heterogeneity: Tau*= 0.00; Chi*= 3.72, df=7 (P=0.81); F= 0%
Test for overall effect: Z=1.32 (P=0.19)
1.1.2 Natural Log
Cohen 2000 2.82 26 1" 297 2.79 1" 35% -0.05[-0.89, 0.78) -
Cohen 2001 333 0017 10 KXY 0.08 10 29% -1.32[-2.31,-0.34)
Hallman 2012 6.52 0.59 19 6.93 057 18 4.4% -0.69 [-1.36,-0.03) =
Heitkemper 1998 6.62 0.59 12 6.61 0.46 7 31% 0.02[-0.91,0.95) I —
Heitkemper 2001 7.45 0.64 50 7.47 0.53 24 54% -0.03 [-0.52, 0.45) =
Maixner 2011 565 1.04 169 5.89 087 1503 7.1% -0.27 [-0.43,-0.11) s
Mazur 2007 6.1 0.8 23 6.8 0.8 30 49% -0.86 [-1.43,-0.29) —_—
Raj 2000 617 067 17 6.69 1.01 13 40% -0.61 [-1.35,0.13) T
Subtotal (95% CI) 31 1616 35.4% -0.41[-0.67,-0.15] @
Heterogeneity: Tau*= 0.05; Chi*=11.83,df=7 (P=011); F=41%
Test for overall effect: Z= 3.10 (P = 0.002)
1.1.3 % in Frequency Band
Cohen 2000 87 6 1" 58 24 1" 3.0% 1.59[0.61, 2.58)
Cohen 2001 91 36 9 773 125 9 27% 1.421[0.36, 2.48)
Orr 2000 3227 1092 15 2593 8.65 15  4.0% 0.63[-0.11,1.36) :
Subtotal (95% CI) 35 35 9.7% 1.13[0.49, 1.76] I
Heterogeneity: Tau*= 0.10; Chi*= 2.90, df= 2 (P=0.23); F=31%
Test for overall effect: Z= 3.48 (P = 0.0005)
1.1.4 Normalised Units
Furlan 2005 66.5 18 8 495 18.4 8 28% 0.88[-0.16,1.92) T
Kalezic 2007 06 013 93 05 015 32 58% 0.73[0.32,1.15) =
Lavigne 2011 418 18.7 23 439 1375 21 4.8% -0.12[-0.72,0.47) B
Mazur 2007 59 12 1" 62 10 15  38% -0.27 [-1.05, 0.51) -
Terkelsen 2012 50 85 10 47 0.16 10  33% 0.48[-0.41,1.37)
Subtotal (95% CI) 145 86 20.5% 0.33[-0.14,0.80] <
Heterogeneity: Tau*= 0.15; Chi*= 9.20, df= 4 (P = 0.06); F= 56%
Test for overall effect Z=1.36 (P=0.17)
Total (95% CI) 677 1882 100.0% -0.03 [-0.25, 0.19] ?
Heterogeneity: Tau*= 0.17; Chi*= 69.73, df= 23 (P < 0.00001); F=67% '4 '2 ) é "1

Test for overall effect: Z=0.27 (P=0.79)
Test for subaroup differences: Chi*=23.19, df= 3 (P < 0.0001), F=87.1%

Figure 2. Forrest plot of LF-HRV outcome measures comparing CP and HC. Overall, CP and HC participants did not significantly differ with respect to LF-HRV.
However, LF-HRV,, was observed to be reduced in CP, and LF-HRV,, was observed to be increased in CP compared with the HC. Cl, confidence interval; CP,
chronic pain; df, degrees of freedom; HC, healthy controls; IV, inverse variance; LF-HRV, low-frequency heart rate variability; In, natural logarithmic transformed
value for LF-HRV; %, percentage of low frequency (0.04-0.15 Hz) in overall frequency band. Sample sizes reduced for Furlan 2005, Heitkemper 1998, Heitkemper
2001, Mazur 2007, Terkelsen 2012, Cohen 2000, and Cohen 2001 because of providing multiple results for singular outcome.

HC larger CP large

-

3.3.2.1. Root mean square successive difference

Eighteen studies reported the RMSSD (Table 3). The results of
525 individuals with chronic pain and 1731 controls showed
anonsignificant effect estimate of —3.71 (95% Cl —12.29t04.87;
Fig. 5). This suggests no overall difference in RMSSD between

Supplementary Material B, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A165). Specifi-
cally, this effect was observed for the short-term laboratory-
based studies, where chronic pain was associated with a larger
LF/HF ratio compared with healthy controls (effect estimate
1.35; 95% CI 0.61-2.08). No significant differences were

observed for the longer recordings of HRV. Significant
heterogeneity was detected (x> = 185.18; P < 0.001;
7 = 92%).

3.3.2. Time-domain measures

The 3 most commonly reported time-domain measures of HRV
in our included sample were the RMSSD, the SDNN, and
the RRI.

the healthy controls and individuals living with chronic pain. Four
low-quality studies were excluded from the quantitative synthe-
sis, 3 of which reported significant decreases in RMSSD in
chronic pain compared with the controls,?%%%74 whereas the
fourth reported no significant differences.®

3.3.2.2. Standard deviation of the normal-to-normal interval

Eighteen studies reported SDNN (Table 3). Pooled results from
11 studies across 4 groupings (Nncp = 1164 and nyc = 2549)
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Chronic Pain Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 Absolute Values
del Paso 2010 102.08 167.59 35 35942 35942 29 45% -0.94 [-1.46,-0.42) =
del Paso 2011 82 90 35 187 161 29 45% -0.82 [-1.33,-0.30] —
Furlan 2005 198 792 8 939 3,756 8 26% -0.26 [1.24,0.73] —
Heitkemper 1998 432 987 13 325 921 8 29% 0.11 [-0.77,0.99] o
Heitkemper 2001 449 676 52 416 565 25 47% 0.05[-0.43,0.53] -1
Mazur 2007 508.8 458 12 8546 3 15  32% -1.10[-1.93,-0.28] —_—
Terkelsen 2012 357 4641 10 606 1,102.92 10 29% -0.28 [1.16, 0.60) —T
Yilmaz 2007 217.7 5797 22 1477 166.5 20 41% 0.16 [-0.45, 0.76) —Te—
Subtotal (95% CI) 187 144  29.5% -0.40[-0.77,-0.02] Ly
Heterogeneity: Tau*=0.17; Chi*=17.51,df=7 (P = 0.01); F= 60%
Test for overall effect: Z= 2.09 (P = 0.04)
1.2.2 Natural Log
Burr 2000 518 1.29 106 545 1.33 41 5.3% -0.21 [[0.57,0.15) -7
Cohen 2000 283 1.88 1" 2.83 279 1" 31% 0.00[-0.84, 0.84) S T
Cohen 2001 4.41 0.2 10 3.99 0.24 10 2.3% 1.82[0.74, 2.90)
Hallman 2012 517 0.77 19 5.71 0.76 18 38% -0.69 [-1.36,-0.02) ]
Heitkemper 1998 5.04 1.33 12 3.37 112 7 24% 1.27[0.23, 2.30)
Heitkemper 2001 5.36 1.34 51 54 1.25 24 47% -0.03 [-0.52, 0.46) ==
Jarrett 2008 719 0.67 35 721 0.67 38 48% -0.03[-0.49,0.43) -
Maixner 2011 545 116 166 574 116 1484 61% -0.25[-0.41,-0.09] 23
Mazur 2007 56 1.2 11 6.5 09 15  32% -0.84 [-1.66,-0.02) EE—
Raj 2000 489 0.82 17 5.81 113 13 34% -0.93 [-1.69,-0.16) L
Subtotal (95% ClI) 438 1671 39.2% -0.11[-0.42, 0.20] -3
Heterogeneity: Tau®= 0.15; Chi*= 30.68, df=9 (P = 0.0003); F=71%
Test for overall effect: Z=0.71 (P = 0.48)
1.2.3 % in Frequency Band
Cohen 2000 13 6 1" 42 24 11 26% -1.59 [-2.58,-0.61]
Cohen 2001 8.2 36 9 226 125 9 23% -1.49[-2.57,-0.42]
Orr 2000 2195 140 15 2526 11.7 15 36% -0.25[-0.97,0.47) =
Thompson 2002 40.97 211 32 476 26.55 21 4.4% -0.28 [-0.83,0.27) T
Subtotal (95% CI) 67 56 12.9% -0.80 [-1.48, -0.11] P
Heterogeneity: Tau®*= 0.31; Chi*= 8.76, df= 3 (P = 0.03); F= 66%
Test for overall effect: Z= 2.28 (P=0.02)
1.2.4 Normalised Units
Furlan 2005 25.4 176 8 46 15.2 8 23% -1.18[-2.27,-0.10]
Kalezic 2007 0.35 012 93 0.44 014 32 51% -0.71 [1.13,-0.30] ==
Lavigne 2011 468 17.26 23 459 13.75 21 4.2% 0.06 [-0.54, 0.65] .
Mazur 2007 40 12 23 58 1 30 4.0% -1.55[-2.17,-0.93) —
Terkelsen 2012 43 7.74 10 47 7.52 10 29% -0.50 [-1.40, 0.39] e
Subtotal (95% CI) 157 101 184%  -0.75[-1.32,-0.19] <P
Heterogeneity: Tau®= 0.28; Chi*= 14.34, df= 4 (P = 0.006), F=72%
Test for overall effect: Z= 2.62 (P = 0.009)
Total (95% CI) 849 1972 100.0% -0.39 [-0.60, -0.19] &
Heterogeneity: Tau®= 0.18; Chi*= 85.49, df= 26 (P < 0.00001), F=70% i‘ ?2 ) é

Test for overall effect: Z= 3.72 (P = 0.0002)
Test for subaroup differences: Chi*= 595, df=3(P=0.11), F= 49.5%

HC larger CP larger

Figure 3. Forrest plot of HF-HRV outcome measures comparing CP and HC. High-frequency HRV was found to be significantly reduced in CP compared with HC.
High-frequency HRV, HF-HRV.,, and HF-HRV,,, were all significantly reduced in CP participants compared with HC. CP and HP participants did not differ
significantly with regard to HF-HRV,,.. Cl, confidence interval; CP, chronic pain; df, degrees of freedom; HC, healthy controls; HF-HRV, high-frequency heart rate
variability; IV, inverse variance; In, natural logarithmic transformed value for HF-HRV; nu, HF-HRV in normalised units; %, percentage of high frequency (0.15-0.40
Hz) in overall frequency band. Sample sizes reduced for Furlan 2005, Heitkemper 1998, Heitkemper 2001, Mazur 2007, Terkelsen 2012, Cohen 2000, and Cohen

2001 because of providing multiple results for singular outcome.

showed that chronic pain was associated with decreased SDNN,
with a large significant effect estimate of —5.43 (95% Cl| —8.54 to
—2.32; Fig. 6) compared with healthy controls. Studies focusing
on patients with fioromyalgia, neuropathic pain, and head and/or
orofacial pain all displayed significantly decreased SDNN in their
clinical populations compared with their healthy controls (95%
Cls —31.62 to —2.00, —6.19 to —0.62, and —13.25 to —0.86,
respectively). No significant differences were observed between
individuals with chronic musculoskeletal pain and controls.
Significant heterogeneity was detected for the SDNN (x2 =
21.06; P = 0.02; > = 53%). All 5 studies that were excluded from

meta-analysis, despite measuring SDNN, reported significantly
lower SDNN in chronic pain.20:%6:49.74.84

The meta-analysis for the studies reporting the SDNN was
repeated in the absence of the studies recruiting participants with
fioromyalgia. The pooled results of the remaining 7 studies (ncp =
1076 and nyc = 2465) showed that chronic pain was associated
with a reduced SDNN compared to healthy controls, with a small
significant effect estimate of —0.14 (95% Cl —0.26 to —0.01;
Supplementary Material E, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A165). Specifically,
the significant decrease in SDNN was observed in studies
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Chronic Pain Control Mean Difference Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI

1.3.1Irritable Bowel Syndrome

Burr 2000 3.02 108 106 285 1.36 41 8.7% 017 [-0.29, 0.63) T

Heitkemper 1998 8.26 7.06 25 143 414 15 1.9% -6.04[951,-257) -_—

Heitkemper 2001 98 78 101 101 114 48 1.8% -0.30[-3.87,3.27) S

Mazur 2007 152 08 23 1.2 07 30 88% 0.32[-0.09,0.73] ™

Orr 2000 262 219 15 1.73 1.43 15  6.0% 0.89[-0.43,2.21) T

Robert 2004 1.03 015 68 1.09 025 21 93% -0.06[-0.17,0.05) :

Thompson 2002 1.61 0.21 32 112 023 21 9.3% 0.49[0.37,0.61] .

Subtotal (95% Cl) 370 191 45.9% 0.19 [-0.20, 0.58]

Heterogeneity: Tau*= 0.15; Chi*= 55.89, df= 6 (P < 0.00001); F= 89%
Test for overall effect: Z=0.97 (P =0.33)
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Figure 4. Forrest plot of low-frequency to high-frequency HRV ratio comparing CP and HC. Low-frequency to high-frequency ratio was observed to be
significantly larger in CP compared with HC. This effect largely seems to be driven by the cases of fibromyalgia. Cl, confidence interval; CP, chronic pain; df,
degrees of freedom; HC, healthy controls; IV, inverse variance; LF/HF, ratio of low-frequency heart rate variability compared to high-frequency heart rate variability.

recruiting head or orofacial pain compared to healthy controls.
Significant heterogeneity was not detected.

3.3.2.3. R-R interval

Sixteen studies reported the RRI (Table 3). Pooled results across
10 studies (Nncp = 244 and nyc = 219) showed that chronic pain
was associated with a shorter RRI, with a large significant effect
estimate of —67.58 (95% Cl —105.62 to —29.55; Fig. 7)
compared with healthy controls. In particular, studies recruiting
participants with fibromyalgia and chronic musculoskeletal pain
show a decrease in RRI compared with their healthy controls
(95% Cls —122.78 to —24.43 and —116.99 to —20.39, re-
spectively), with no differences in the remaining 2 studies on
participants with IBS or neuropathic pain and healthy controls.
Significant heterogeneity was detected for the RRI (x* = 38.083;
P < 0.001; 2 = 76%). Two of the 3 studies that recorded the RRI
but were excluded from the meta-analysis for quality control
purposes reported that chronic pain participants had reduced
RRI compared with healthy controls.*84

The meta-analysis for the studies reporting RRI was repeated
in the absence of the studies recruiting participants with
fioromyalgia. The pooled results of the remaining 4 studies
(ncp = 87 and nyc = 74) showed no significant differences
between participants with chronic pain and healthy controls

(Supplementary Material F, available online as Supplemental
Digital Content at http://links.lww.com/PAIN/A165). Despite
overall nonsignificance, studies recruiting musculoskeletal pain
still showed a decrease in RRI compared with their healthy
controls (effect estimate of —0.60; 95% CI —1.04 to —0.15).

The RRI for the 10 studies was analysed by the duration of the
HRV recording, classified as either short term (<1 hour, n = 6) or
long term (24 hour, n = 4). Combining the results of the 10 studies
found that chronic pain was associated with a reduced (ie, shorter)
RRI compared to healthy controls, with a moderate significant effect
estimate of —0.59 (95% CI —0.89 to —0.30; Supplementary
Material C, available online as Supplemental Digital Content at
http://links.ww.com/PAIN/A165). Specifically, this effect was driven
by the short-term recordings of HRV (effect estimate = —0.85; 95%
Cl —1.14 to —0.49). Substantial heterogeneity was not observed
% = 21.51; P = 0.01; * = 58%).

3.4. Intervention studies
3.4.1. Heart rate variability biofeedback

Two studies investigated the effects of resonance frequency HRV
biofeedback on autonomic regulation. The first study recruited 24
women with pain in their neck—shoulder area that had been present
for at least 6 months and persistent over the last 6 weeks.®" Al
participants were tested at the beginning and end of the 10-week
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Figure 5. Forrest plot of the square root of the mean difference of successive R-R intervals (RMSSD) comparing CP and HC. RMSSD did not significantly differ
between CP and HC. This effect is consistent within the separate CP conditions. ClI, confidence interval; CP, chronic pain; df, degrees of freedom; HC, healthy

controls; IV, inverse variance; RMSSD, root mean square successive difference.

trial, with the treatment group participating in 10 weekly sessions of
resonance HRV biofeedback training between the 2 assessments.
As per the protocol described by Lehrer et al.,”® participants were
asked to breathe at each of 5 specific frequencies (6.5, 6.0, 5.5,
5.0, and 4.5 breaths per minute), before being taught to breathe at
their own personal resonant frequency. After the intervention, the
treatment group displayed an increase in the natural logarithmic
transformation of LF-HRV compared with their baseline assess-
ment. No other significant results for HRV were found. Participants
who received the biofeedback intervention also increased their
perceived health (as measured by the bodily pain, social function,
and vitality sections of the Short Form-36 Item Health Survey [SF-
36]). However, the specific relationship between improvements in
HRV, health, and pain was not reported. The second study
recruited 12 women with fibromyalgia, without a control group.®?
All participants completed 10 weekly sessions of HRV biofeedback
(while practicing twice daily at home) and participated in a 3-month
follow-up session, again after the protocol of Lehrer et al.”® This
study reported an increase in total HRV (ie, total power of RRI
spectra) during the 10 biofeedback sessions. In the months after
the intervention, participants displayed improvements in question-
naire measures of overall functioning (as measured by the
Fibromyalgia Impact Questionnaire), depression (Beck Depression
Inventory ll), pain (McGill Pain Questionnaire), and sleep (Pittsburgh
Sleep Quality Index). Again, the relationship between the HRV and
questionnaire data was not specifically reported.

3.4.2. Acupuncture and drug therapy

Three studies investigated HRV after acupuncture or drug therapy in
people with chronic pain. One study prescribed amitriptyline (a
noradrenaline reuptake inhibitor that can affect autonomic function-
ing; the most widely prescribed pharmacologic agent for the
treatment of fioromyalgia) to a cohort of women with fioromyalgia for
a 3-month period.”® Heart rate variability was measured at rest
before and after amitriptyline therapy. Although no significant
differences in HRV were observed after amitriptyline therapy, both
the clinical symptom scores and state and trait anxiety score
decreased after the 3-month therapeutic intervention. The second
study aimed to investigate the effect of acupressure at local and
distal acupuncture points on HRV in females with chronic neck
pain.®” Heart rate variabiity was assessed before and after
acupressure administration. High-frequency HRV was found to
increase in the local acupuncture point group after the treatment
compared to the baseline recording. No other significant differences
were observed for the HRV measures. Clinical pain parameters (ie,
subjective reporting of pain, State Trait Anxiety Inventory-I, muscle
hardness, and the Neck Disability Index) decreased after both local
and distal acupressure, but not after the control intervention;
however, the relationship between change in HRV and clinical
outcomes was not reported. The final study recruited individuals with
chronic low back pain who were randomised to receive either 10
sessions of electro-acupuncture to the lower back or oral valdecoxib
therapy together with supervised physiotherapy.''® Heart rate
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Figure 6. Forrest plot of the SDNN interval comparing CP and HC. Standard deviation of the normal-to-normal interval was significantly reduced in CP compared
with HC. This effect was seen in studies investigating fioromyalgia, neuropathic pain, and head or orofacial pain. Cl, confidence interval; CP, chronic pain; df,
degrees of freedom; HC, healthy controls; IV, inverse variance; SDNN, standard deviation of the normal-to-normal interval.

variability was assessed at baseline, and then again after the
intervention therapy. Although the valdecoxib therapy led to
a significant decrease in HRV compared with baseline, the
acupuncture group did not display significant changes between
assessments. No significant differences in HRV were reported
between the drug and acupuncture groups after the intervention.
Both the acupuncture and drug therapies reduced clinical pain
scores as indicated by a visual analogue scale. Similar to the
biofeedback studies, HRV measures (and their changes) were not
directly compared with other important clinical parameters.

3.4.3. Additional quality appraisal of intervention studies

The Cochrane Handbook for Systematic Reviews of Interventions
recommends that studies involving an intervention are assessed
for the risk of bias in domains such as allocation concealment and
blinding.?* Brief qualitative appraisal of the 5 intervention studies
included in this systematic review was conducted across the
domains of selection, performance, and detection bias. The 5
intervention studies provided little to no evidence of assessing
and addressing the aforementioned potential sources of bias.
One study reported the level of blinding of the study personnel.®
Three studies reported the randomisation of participants to either
the intervention or control group,®"#”1"® but only 1 reported how
this randomisation was performed.®

4. Discussion

Despite the existence of several narrative systematic reviews of
HRV and chronic pain,®"%°" this is the first systematic review
and meta-analysis of the existing literature on HRV disturbances
across, and within, a diverse range of chronic pain conditions.
Meta-analysis of the high-quality studies provides evidence that
when comparing across all chronic pain conditions, chronic pain
is associated with reduced HRV, particularly with respect to HF-
HRV and the time-domain measures. In terms of specific chronic
pain conditions, significant differences in HRV were reported for
filoromyalgia (HF-HRV, LF/HF ratio, SDNN, and RRI), neuropathic
pain (SDNN), head and/or orofacial pain (SDNN), and chronic
musculoskeletal pain (RRI). Furthermore, drug, acupuncture, or
biofeedback interventions did not consistently ameliorate reduc-
tions in HRV, nor did they specifically explore the relationship
between HRV indices and variability in important clinical
parameters (ie, they did not investigate whether the extent of
HRV dysregulation was associated with increased subjective
reports of pain or scores indicating higher levels of pain and/or
disability through clinically used questionnaires). However, it is
important to note that intervention studies formed only a very
small subset of studies included in this review and had short
follow-up periods. These findings call into question the degree to
which current treatment strategies for chronic pain are able to
effectively influence the deficits in autonomic functioning known
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Figure 7. Forrest plot of mean interval between normal heart beats (RRI) comparing CP and HC. RRI was significantly reduced in CP compared with HC. This effect
was also specifically observed for studies recruiting cases of fioromyalgia and chronic musculoskeletal pain. Cl, confidence interval; CP, chronic pain; df, degrees

of freedom; HC, healthy controls; IV, inverse variance; RRI, R-R interval.

to be associated with chronic pain. We discuss our findings with
respect to the potential mechanisms of autonomic dysfunction in
chronic pain below.

4.1. Evidence of frequency-domain heart rate variability
deficit in chronic pain

4.1.1. Low-frequency heart rate variability

The origin and clinical significance of LF-HRV exist as an ongoing
debate.” Although initially reported to be related to sympathetic
activation,'® in more recent times, it has been proposed that
LF-HRV may be a measure of cardiac autonomic outflows by
baroreflexes.*6:54193196 ncertainty remains as to the source and
significance of LF-HRV in health.®3""" The overall results of the
meta-analysis suggest that there is no significant difference in LF-
HRV between people with chronic pain and controls. However, as
several units of LF-HRV measurement were reported, comparing
across different units of measurements may not provide an
accurate representation of what is occurring. When subgroup
comparisons were made between studies reporting the same unit
of measurement, significant differences were found, with chronic
pain associated with greater impairments compared with pain-free
controls when using logarithmically transformed HRV. Given the
ongoing debate within the scientific community as to the role of LF-
HRV and the results of the current systematic review and meta-
analysis, it is clear that further research is needed to enhance our
understanding of whether and how activity of the SNS (and to
a wider extent, the ANS) can be represented through low-
frequency measures of HRV.

4.1.2. High-frequency heatrt rate variability

The activity of HF-HRV is largely driven by the PNS.2 There was
a moderate decrease in HF-HRV in chronic pain when compared

with healthy controls. Meta-analyses for 3 of the 4 units of
measurement demonstrated that chronic pain was associated
with reduced HF-HRV compared with healthy controls, with
moderate-to-large effect sizes. In particular, the absolute value,
percentage power in the high-frequency band, and HF-HRV in
normalised units all showed significant differences, whereas the
natural logarithmic transformation did not. Although this overall
effect must be interpreted with caution, as it compared different
units of measurement for HF-HRV, the results suggest that
individuals living in a state of chronic pain have decreased
parasympathetic activation in comparison to healthy controls.
This effect is largely driven by the effects of the studies recruiting
patients with fibromyalgia. Widespread hypersensitivity of noci-
ception and deficiencies in pain inhibiting mechanisms are
believed to be crucial to the aetiology of fibromyalgia.®''*°
Alterations in the SNS and PNS control of the cardiovascular
system influence the central processing and subjective experi-
ence of pain.'® This is not surprising, given the neural regions
responsible for autonomic control and pain perception are in
close proximity''© and have been shown to interact exten-
sively.'""'2 Decreased parasympathetic tone increases the risk of
additional medical conditions such as rheumatoid arthritis and
diabetes and is associated with poor health outcomes. 358
High-frequency HRV has been identified as a reliable surrogate
measure of vagal activity. In that sense, HF-HRV can be
described as vagally mediated HRV (vmHRYV). Consequently,
vmHRYV may serve as an output measure of the brain’s regulatory
ability to provide control over the periphery of the body.%” Self-
reported symptoms of pain have been inversely correlated with
vmHRYV in healthy subjects,®® but not in those with chronic pain.”®
The descending inhibitory pain pathways are known to suppress
the transmission of nociceptive information,®* together with the
ascending (vagal) pathways, which are responsible for trans-
mitting noxious signals to the central nervous system. Impaired
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vagal control, seen through vmHRVY,”" may correspond to
disruption in descending spinal inhibitory control, already known
to be impaired in chronic pain states giving rise to central
sensitisation.”®

4.1.3. Low-frequency to high-frequency ratio

The LF/HF ratio reflects the relative balance between sympathetic
and parasympathetic controls,? with a larger ratio suggesting an
increase in LF-HRV, and/or a decrease in HF-HRV. However, the
validity of this measure and its relevance in clinical research have
been disputed (eg, see Milicevic®®). Chronic pain was associated
with a significant increase in the LF/HF ratio compared with pain-
free controls. However, this effect seemed to be driven by the
studies examining fibromyalgia, which was the only chronic pain
condition in which subgroup analysis achieved significance. As
patient with chronic pain had decreased HF-HRYV (ie, decreased
parasympathetic activation), it is likely that the observed increase
in LF/HF ratio is the result of the decrease in parasympathetic
vagal control. The larger LF/HF ratio in chronic pain is also
indicative of a poorer balance of autonomic control as a whole,
implying that individuals living with chronic pain have less
adaptable nervous systems compared with healthy controls.

4.2. Evidence of time-domain heart rate variability deficit in
chronic pain

4.2.1. Root mean square successive difference

The RMSSD is strongly associated with parasympathetic cardiac
influence.®® Overall, there were no significant differences in
RMSSD between chronic pain and controls. This finding is
inconsistent with the earlier findings in HF-HRV activity and is
surprising given that the RMSSD and HF-HRV are closely related.®®

4.2.2. Standard deviation of the normal-to-normal interval

As the simplest and most commonly used parameter for the
measurement of HRV, the SDNN is believed to represent the overall
variability of both sympathetic and parasympathetic inputs to the
heart.? In contrast to the RMSSD, there was a significant decrease
in SDNN in patient with chronic pain compared with healthy
controls. As with the LF/HF ratio, at a subgroup level, this effect was
specifically driven by the studies of fibromyalgia, and also
neuropathic pain conditions and chronic head and/or orofacial
pain, but not in chronic musculoskeletal pain. Although the
reduction in parasympathetic function seems to be predominantly
driven by the fibromyalgia studies, the significant decrease in SDNN
was still observed when controlling for these effects. Therefore,
similar to the LF/HF ratio, the decrease in SDNN in chronic pain
observed in the included studies may be due to decreases in
parasympathetic activation. However, without an accurate measure
of the SNS on the control of cardiovascular functioning, the
mechanisms underlying the decrease in SDNN cannot be fully
explained. We therefore concur with previous suggestions that
more direct measures (eg, muscle sympathetic nerve activity)
should be used in place of HRV to obtain a more accurate
representation of disruptions to the SNS in chronic pain.®”#

4.2.3. R-R interval

The variation of the interval between successive, regular heart
beats is the result of the influence of all regulatory mechanisms,
which are known to influence cardiovascular rhythm.&° Overall, the
combined results of the meta-analysis revealed that individuals

PAIN®

with chronic pain have a significantly shorter RRI in comparison to
healthy controls. This was observed for studies focusing on both
fioromyalgia and chronic musculoskeletal pain. However, it is
important to remember that approximately 25% of all studies
included in this systematic review recruited participants with
fioromyalgia. Therefore, further research in other chronic pain
conditions (eg, chronic neuropathic or musculoskeletal pain) is
required to further explore the changes in autonomic functioning,
which occur across pain conditions that have diverse profiles. The
finding that RRI is reduced in chronic pain only allows us conclude
that individuals in a state of chronic pain display a disruption in their
autonomic balance, as is consistent with previous studies.?24°

4.3. Quality appraisal

Overall, the quality of studies included in our review was
moderate. Only studies that were deemed to be of moderate-
to-high quality were included in the meta-analyses to prevent the
influence of study bias on observed differences between chronic
pain and controls. However, given that the findings from the lower
quality studies did not seem to differ from the high-quality studies,
we would not have expected to see exaggerated significant
group differences for any of the frequency-domain or time-
domain outcome measures of HRV.

Although most studies appropriately addressed potential
confounding variables, it is important to note that many studies
failed to control for all relevant factors known to influence HRV
and autonomic functioning. There are many physiological and
pathological factors that may influence HRV and therefore studies
that were less stringent with their efforts in attempting to account
for confounding factors may have reported an inaccurate
representation of the relationship between chronic pain and
HRV, which we discuss further below.

The 5 intervention studies largely failed to address potential
sources of selection, performance, and detection bias when
subjected to the tool for assessing the risk of bias as identified by
the Cochrane Collaboration.?* It is of critical importance that
future intervention studies consider these guidelines during the
planning and execution stages.

4.3.1. Age and sex

Two major determinants of HRV are age and sex.?® Both time-
domain and frequency-domain measures of HRV have been
shown to decline constantly as individuals age,'° with 1 study
reporting a 15% decline in LF and HF power with each decade
aged.®® Age should not have had an extensive influence on the
results of the current review, because of our exclusion of studies
recruiting participants over 65 years of age, and the average age
of participants with chronic pain across studies was 36.73 =+
7.39. Differences in HRV have been identified between males and
females,?° although these differences also diminish as partic-
ipants age because of menopause. Many of the studies included
in this review recruited only female patients, or recruited a female
dominant sample (partially because of larger numbers of women
being diagnosed with chronic pain conditions such as fioromyal-
gia [eg, Ref. 132]). The uneven recruitment of males and females
throughout the studies included in this review must be considered
when interpreting these results.

4.3.2. Medication

Heart rate variability can also decrease because of the presence of
coronary and/or cardiac disorders or psychiatric and psychological
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conditions.®°% '35 Understandably, certain medications used to
treat such disorders (eg, tricyclic antidepressants, selective
serotonin reuptake inhibitors, calcium channel, or beta-blockers)
can exert a modulatory effect on HRV. Approximately half of the
fifty-one studies included in the systematic review excluded
participants who were currently taking medications, which could
interfere with the HRV recording (eg, calcium channel blockers),
alter the activity of the ANS (eg, psychotropic antidepressant
drugs), or influence the perception of pain (eg, opioids). In contrast,
8 studies made no mention of excluding participants based on their
medications, or failed to control for their effects. Eleven studies
allowed participants to continue their medication regimens during
testing; 3 of which performed statistical analysis to determine the
effects of the medications on HRV. As many persons with chronic
pain take a number of medications,** future studies investigating
HRV need to take great care with the way participant medications
are handled and accounted for.

4.3.3. How heart rate variability was measured—duration,
location, and definitions

4.3.3.1. Duration of heart rate variability recording

An important point of consideration is the duration of cardiovas-
cular recordings across studies. Heart rate variability analysis is
usually based on long-term (minimum 18 hours) Holter ECG
recordings or short-term (5 minutes) ECG obtained under
standardised conditions, to avoid any influence from external
stimuli imparting an effect on autonomic tone.?® Some of the
studies included within our review seemed to adhere to these
recommendations, with 9 studies recording 24-hour Holter ECG
data and 13 studies recording for a 5-minute period. The length of
the HRV recording is also important to consider with respect to
the type of analysis being performed on the recorded data. The
1996 standards for the measurement, interpretation, and clinical
use of HRV recommend that longer-term ECG recordings, ideally
encompassing both morning and night hours, be used for time-
domain analysis.? This recommendation is made on the notion
that the length of the recording can significantly influence the
overall variability of the recorded values. In contrast, frequency-
domain analysis is normally performed with short-term (5 minute)
recordings under controlled experimental conditions, although
longer-term recordings may also be used.? It is important to keep
these factors in mind when interpreting the results of this
systematic review and meta-analysis, as the overall results may
be influenced.

4.3.3.2. Condition of heart rate variability recording

The condition in which the HRV data were recorded must also be
considered. In these studies, data were collected in hospitals,
research laboratories, and in the home environment as partic-
ipants went about their daily lives. Sitting for a short period in an
unfamiliar laboratory environment has the potential to artificially
influence autonomic arousal of patients and healthy individuals,
therefore providing a much different representation of cardiovas-
cular function when compared to longer term recordings
obtained in a more familiar environment. The circadian rhythm
of patients during recordings also needs to be taken into account,
as circadian variation of HRV across sleep stages has been
identified.’® A recent review examining HRV, sleep, and sleep
disorders by Stein and Pu'?' concluded that both heart rate and
HRV progressively decrease during non rapid eye movement
(non-REM) sleep and increase during REM sleep. Such findings
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are consistent with an increase in vagal control during non-REM
sleep and an increase in sympathetic control during REM
sleep.’’ Moreover, given that chronic pain seems to be
intrinsically related to a reduced capacity to adaptively respond
to stressors, it would be of great interest to compare the
differences in HRV during a state of stress. However, the current
systematic review and meta-analyses only focused on the
changes in HRV that occur in chronic pain during baseline or
resting conditions.

4.3.3.3. Definitions of heart rate variability

The Task Force Standards of Measurement for HRV defined in
1996 describe low-frequency HRV as the power in the low-
frequency range, from 0.04 to 0.15 Hz, and high-frequency HRV
as the power within the frequency range of 0.15 to 0.4 Hz.?
Although 20 of the 51 included studies report using these
recommended values, there was some inconsistency in the
definition of the low-frequency and high-frequency ranges in the
remaining studies that we reviewed. Many of the studies defined
these frequency-domain parameters with a relative level of
similarity (eg, 0.05-0.15 Hz and 0.15-0.5 Hz for low-frequency
and high-frequency HRV, respectively), although there was 1
study that was vague in their definition, using only ~0.1 and ~0.5
Hz as their boundary for low-frequency and high-frequency
HRV.*° This variability in HRV frequency-domain parameters may
have influenced the results of the meta-analyses, and this must
be kept in mind when interpreting the results.

4.3.4. Summary

As highlighted throughout this review, there is a lack of
consistency between studies with respect to the systematic
method and parameters in which HRV was investigated. The
significant heterogeneity that was identified in the meta-analyses
may in part be explained by potential confounding factors such as
medication use, smoking status, and physical attributes (eg, body
mass index). Further data extraction and analysis through meta-
regression may quantify the impact of such factors on HRV.
Variability among experimental approaches (ie, duration of
recording, environment in which recording was made, definitions
of frequency-domain HRV measures, etc.) could have also
contributed to the significant heterogeneity. It is possible that
some of the studies included in this review had different
conceptualisations of what the measures of HRV represent (ie,
solely SNS or PNS activity or a combination of the two).

4.4. Clinical significance

This study quantifies the range of deficits in HRV associated with
chronic pain. The obvious question that we now face is how these
findings and the implicated mechanisms may inform clinical
practice. As discussed above, HRV and other homeostatic
functions regulated by the ANS are disrupted in a variety of health
conditions, including mood disorders and other cardiovascular
complications.® Both acute and chronic pain sufferers also report
depressive and/or anxiety disorders,*°% 118127 gnd patients with
pain are more likely to develop chronic depressive and anxiety
disorders.*® Heart rate variability has been shown to decrease
with increasing severity of depression and anxiety. This decrease
is not normalised in response to a variety of antidepressant
treatments.®®®® Therefore, it is clear that mood disorders,
cardiovascular complications, and chronic pain are extensively
intertwined. The biopsychosocial model of pain®* is considered to
be the most comprehensive model for understanding pain,*''%®
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which accommodates interactions between biological, psycho-
logical, social, cognitive, affective, and behavioural factors, all of
which are known to contribute to the experience of chronic pain.
Although we show that disrupted vagal tone is disrupted in
chronic pain, management approaches must clearly address
these biological mechanisms within the psychological context in
which they manifest.

Clinicians have long pushed for a more holistic approach to the way
that chronic pain conditions are treated.” That is, chronic pain
management should focus not only on treating the patient’s
symptoms but should also focus on the restoration of positive quality
of life.% Consequently, it makes sense that the design and initiation of
potential intervention and/or treatment plans should include
mechanism-based approaches that target the dysregulation of
parasympathetic tone when leaming to cope with chronic pain.
Intervention strategies (eg, mindfulness or exercise therapies) that can
improve vagal tone in addition to the psychological well-being and
self-management of the individual with chronic pain may prove to be
effective as a more holistic treatment approach.®'”""® As further
research is performed and the specific deficits of HRV in chronic pain
conditions are potentially identified, we may see the emergence of
a variety of such mechanism-based treatments for specific conditions.

4.5. Future research

Further research is required to extend the characterisation of HRV
deficits in specific chronic pain conditions and to identify a simple
and accurate marker of SNS activity. Such research will assist in
determining whether and how HRV can be used in assessment
and management of individuals living with chronic pain. We
strongly recommend wider use of the standardised definitions for
frequency-domain measures of HRV, that is, the range of
frequencies that span low-frequency and high-frequency HRV.?
Future research also needs to consider the accuracy of HRV as
a surrogate marker of sympathetic activity,>”*” as there is
currently not a concise measure of sympathetic activity within the
assorted HRV measures. Furthermore, investigating the associ-
ation between HRV and pain severity, and also the synergistic
changes in HRV and pain intensity and/or impact after treatment
would vyield interesting and informative findings. Researchers
should dedicate more effort to measuring and controlling for
potential confounding factors during the design and analysis of
their research in this field. Such considerations are critical to
ensure that research undertaken in future years provides an
accurate unclouded interpretation of the results. Following on
from this, it is important to view the broader health and medical
implications associated with intervention and/or treatment
studies targeting deficits in HRV associated with chronic pain,
as there are many other factors that affect, and are affected by,
HRV. Finally, we recommend more emphasis on incorporating
quantification of pain (as per the IMMPACT guidelines; Ref. 30) in
longitudinal (or interventional) HRV studies to examine the
potential for HRV to be used as both a biomarker and diagnostic
characteristic in cases of chronic pain. Pairing validated
measures for the quantification of current pain experience with
HRV in such studies would allow the opportunity to explore how
changes in the perceived level of pain influence psychophysio-
logical functioning and broader measures of health.

5. Conclusions

People with chronic pain display significantly reduced HRV, with
lower parasympathetic activation compared to healthy controls.
The deficits in parasympathetic activity were best visualised
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through decreased HF-HRV and SDNN in chronic pain,
especially in fibromyalgia, which is broadly characterised by
widespread hypersensitivity to nociception and autonomic
dysregulation. Further research should continue to characterise
the autonomic profile of specific chronic pain conditions to assist
in the development and implementation of novel management
strategies and therapies targeting parasympathetic dysregulation
in chronic pain.
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