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ARTICLE INFO ABSTRACT

Keywords: Objectives: An acute bout of exercise typically leads to short term exercise induced hypoalgesia (EIH), but this
Knee osteoarthritis response is more variable in many chronic pain populations, including knee osteoarthritis (OA) and fibromyalgia
Fibromyalgia

(FM). There is evidence of autonomic nervous system (ANS) dysfunction in some chronic pain populations that
may contribute to impaired EIH, but this has not been investigated in people with knee OA. The aim of this study
was to assess the acute effects of isometric exercise on the nociceptive and autonomic nervous systems in people
with knee OA and FM, compared to pain-free controls.

Methods: A cross-sectional study was undertaken with 14 people with knee OA, 13 people with FM, and 15 pain
free controls. Across two experimental sessions, baseline recordings and the response of the nociceptive and
autonomic nervous systems to a 5-min submaximal isometric contraction of the quadriceps muscle was assessed.
The nociceptive system was assessed using pressure pain thresholds at the knee and forearm. The ANS was
assessed using high frequency heart rate variability, cardiac pre-ejection period, and electrodermal activity.
Outcome measures were obtained before and during (ANS) or immediately after (nociceptive) the acute bout of
exercise.

Results: Submaximal isometric exercise led to EIH in the control group. EIH was absent in both chronic pain
groups. Both chronic pain groups showed lower vagal activity at rest. Furthermore, people with knee OA
demonstrated reduced vagal withdrawal in response to acute isometric exercise compared to controls. Sympa-
thetic reactivity was similar across groups.

Discussion: The findings of reduced tonic vagal activity and reduced autonomic modulation in response to iso-
metric exercise raise the potential of a blunted ability to adapt to acute exercise stress and modulate nociception
in people with knee OA. The impairment of EIH in knee OA may, in part, be due to ANS dysfunction.

Autonomic nervous system
Exercise-induced hypoalgesia
Pressure pain threshold
Isometric exercise

Introduction

The lifetime risk of developing symptomatic knee osteoarthritis (OA)
is estimated to be approximately 14%, with higher risk for females and
those with obesity (Losina et al., 2013). Chronic knee pain, reduced joint
motion, and diminished quadriceps strength associated with knee OA
reduce mobility and impair the ability to perform activities of daily
living, leading to ongoing functional disability (Hunter et al., 2014).
Pain associated with OA was once viewed as arising primarily through
peripherally mediated joint nociception (Mandl, 2011). However, it is
now known to have complex underlying central nervous system mech-
anisms that modulate peripheral nociception and strongly contribute to

OA symptomatology (King et al., 2013). OA also may be partly a sys-
temic phenomenon, with the autonomic nervous system (ANS)
hypothesised to play a multifactorial role in its pathogenesis (Yun et al.,
2006; Berenbaum and Meng, 2016).

Dysfunction of the ANS has been demonstrated in several chronic
pain conditions, including fibromyalgia (FM)/chronic widespread pain
(Cohen, 2001; Reyes del Paso et al., 2011; Martinez-Lavin, 2007), irri-
table bowel syndrome (Adeyemi et al., 1999; Karling, 1998; Chalaye
et al., 2012), complex regional pain syndrome (Terkelsen et al., 2012),
and rheumatoid arthritis (Adlan et al., 2014). Typically, people with
chronic pain conditions display reduced vagal activity and higher
sympathetic activity at rest (Pollatos et al., 2011; Tracy et al., 2016),
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which creates a floor effect of diminished autonomic capacity to adapt
and modulate in response to stress, including noxious stimuli (Laborde
et al., 2018). This itself is likely to impair the capacity of the ANS to
modulate nociception (Hohenschurz-Schmidt et al., 2020). For example,
in healthy populations, acute mental stress results in both vagal with-
drawal and sympathetic activation (Xie et al., 2017; Terkelsen et al.,
2004), and is associated with inhibition of nociception (Terkelsen et al.,
2004). The ANS response to stress has been shown to be more varied in
people with chronic pain and is associated with impaired nociceptive
inhibition, or even facilitation (Drummond et al., 2001; Drummond and
Willox, 2013; Reyes del Paso et al., 2010; Thieme et al., 2006). To date,
there have been no studies providing an in-depth examination of ANS
function in people with OA.

Acute exercise can also impact the nociceptive system. In healthy
people, there is a short-term inhibition of nociception following acute
isometric exercise, termed exercise-induced hypoalgesia (EIH) (Koltyn,
2000). EIH effectiveness is dependent on the type of exercise, its in-
tensity and duration, and the body part that is exercised (Hoeger Bement
et al., 2008; Koltyn, 2002). EIH is elicited most consistently after high
intensity aerobic exercise (~70 % maximal oxygen uptake) for durations
longer than 10 mins or following short duration (5 mins) but fatiguing
submaximal isometric exercise (Naugle et al., 2012).

The hypoalgesic response to isometric exercise in people with
chronic pain is more variable with different studies showing hypo-
algesia, hyperalgesia, or no change in pain sensitivity (Nijs et al., 2012).
Indeed, previous studies have demonstrated EIH to be intact (Kosek
et al., 2013; Neelapala, 2018; Fingleton et al., 2017) or impaired (Fin-
gleton et al., 2017; Burrows et al., 2014) in people with knee OA
depending on the type of exercise and characteristics of the population.
The varied impact of exercise on nociception in people with knee OA
may be due, in part, to functional deficits in descending nociceptive
inhibitory pathways, including aberrant ANS and cardiovascular re-
sponses that may contribute to their activation (Chalaye et al., 2014).
However, the ANS response to acute exercise has not been examined in
people with knee OA. Therefore, the aim of this study was to assess the
effects of acute, submaximal isometric exercise on the nociceptive and
autonomic nervous systems in people with knee OA and people with FM,
a population with a known ANS dysfunction and a varied EIH response
(Staud, 2005). It was hypothesised that, compared to controls, people
with knee OA and FM would exhibit (1) reduced vagal tone and
increased pain sensitivity at rest, and (2) reduced autonomic modulation
and reduced EIH in response to acute isometric exercise.

Materials and Methods
Participants

Fifteen pain free people, 14 people with knee OA, and 13 people with
FM volunteered to participate in the study (Table 1). A sample size for
this study was powered based on a previous study (Hallman et al., 2015)
examining the reliability of heart rate variability (HRV) indices to a
repetitive, low-force task. Based on the effect sizes, the sample size for
detecting a change of 20% of the mean of most HRV parameters between
groups, using an alpha level of 0.05 and power of 0.8, corresponded to
approximately 20 participants per group.

Participants were included in the study if they were aged over 18
years, diagnosed by a clinician with knee OA or FM and fulfilled the
American College of Rheumatology criteria (Altman et al., 1986; Wolfe
et al., 2016), and had experienced pain for at least 3 months on most
days with a minimum level of 3 out of 10 in the previous 7 days. Par-
ticipants were excluded from the study if they had a cardiac condition,
hypertension (i.e., systolic blood pressure > 140 mmHg and/or diastolic
blood pressure > 90 mmHg), or were taking medications that may alter
cardiovascular and/or autonomic activity. Participants were asked to
refrain from taking analgesic medication, e.g. opioidergic or anti-
inflammatory, for 24 hr prior to data collection, and from taking
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Table 1
Participant characteristics. Data are mean (standard deviation) unless otherwise
stated.

Characteristic Control Knee OA FM p value
n=15 n=14 n=13
Age (years) 53 (10) 60 (9) 47 149 0.17
Gender female (n, %) 11 (73) 10 (71) 13(100) 0.11
BMI (kg/m?) 25 (3) 31 (7)* 31 (5)* 0.003*
BPI severity 2(3) 18 (10)* 20 (7)* <0.001%
BPI interference 1) 30 (19)* 36 (19)* <0.001%
DASS-21 Depression 1(1) 4 (3)* 6 (4)* <0.001%
DASS-21 Anxiety 1(1) 3(5) 6 (4)* <0.001*
DASS-21 Stress 2(2) 5@* 9 (5)* <0.0017
PCS 6 (7) 17 (13)* 22 (1D~ <0.001%
WOMAC 44 (23)
MVC (Nm) 200 (63) 135 (62)* 145 (32)* 0.01%
Borg RPE (6 - 20)
During ANS session 16 (3) 15(2) 16 (2) 0.22
During QST session 16 (3) 14 (2) 16 (2) 0.052

BMI = Body mass index; BPI = Brief Pain Inventory; DASS-21 = Depression,
Anxiety and Stress Scales; FM = fibromyalgia; OA = osteoarthritis; PCS = Pain
Catastrophising Scale; SD = standard deviation; WOMAC = Western Ontario and
McMaster Universities Osteoarthritis Index; RPE = ratings of perceived exertion;
ANS = autonomic nervous system; MVC = maximal voluntary contraction; QST
= quantitative sensory testing; * = significant difference from control; * = sig-
nificant difference between groups.

caffeine and tobacco products 6 hr prior to data collection. Ethical
approval was obtained from the institutional ethics committee and
participants provided informed, written consent prior to participation.

Procedure

The study was a cross-sectional, experimental design undertaken in a
laboratory setting within a public hospital. Data collection was con-
ducted over three sessions separated by 7 days. The maximal voluntary
contraction (MVC) was determined in the first session to avoid fatigue
effects and any confounding effects on measures of the nociceptive and
autonomic systems. Participants also completed the Brief Pain Inventory
(BPI), Pain Catastrophising Scale (PCS), Depression, Anxiety, and Stress
Scale (DASS-21), and the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC; OA group only) at this session. To avoid
the nociceptive outcome measures influencing ANS recordings, noci-
ceptive and ANS outcomes in response to submaximal isometric
contraction were recorded separately in the two remaining sessions.
These two sessions were completed in a randomised order.

The testing protocol is outlined in Fig. 1. In both test sessions,
outcome measures were first assessed while the participant was resting
(baseline). The participant was then instructed to hold an isometric knee
extension at 20% of the predetermined MVC for 5 mins. During the
isometric exercise, the participant rated their perceived level of exertion
every 60 s using the Borg scale (Borg, 1970), ranging from 6 (no exertion
at all) to 20 (maximal exertion). The nociceptive outcome measures
were assessed immediately following the isometric exercise. The ANS
outcome measures were recorded continuously from 5 mins prior to
baseline through to completion of the isometric exercise.

Isometric exercise

MVC of the quadriceps femoris was determined in all participants
using a Biodex dynamometer (Biodex, USA). The most affected limb was
used to perform the exercise in the knee OA group, while the other
participants used their left leg. Participants were asked to recline in the
supine position with the torso elevated at 30° and the knees flexed at
90°. Straps crisscrossed over the chest and the index thigh to prevent
excess body movement. A warm-up procedure was performed for
familiarisation with the task involving four repetitions of graded effort
(25%, 50%, 50%, 75% of estimated maximum), and then four maximal
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Nociceptive session

5 mins
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Day 1 Day 2/3 PPT PPT
Autonomic session
Day 2/3
l HRV PEP EDA
T — > —>
5 mins 10 mins baseline 5 mins

Day 1

Fig. 1. Schematic diagram showing the protocol for the two testing sessions.
Knee extension maximum voluntary contraction (MVC) was established in a
separate session, and the order of the remaining two sessions was randomized.
ISOEX = isometric exercise; PPT = pressure pain threshold; HRV = heart rate
variability; PEP = pre-ejection period; EDA = electrodermal activity.

voluntary contractions of 5 s were performed with a 60 s rest between
contractions. The peak torque (Nm) value in any of the four maximal
contractions was recorded as MVC.

The intervention during the testing sessions involved sustaining 20%
MVC in the same body position as described above for 5 mins. The target
level of torque was displayed on a screen along with continuous visual
feedback from the dynamometer of the knee extension torque being
produced by the participant. If the participant was not able to maintain
the required contraction level, they were permitted ~10 s rest breaks, as
required, to achieve 5 mins. This was to ensure that all participants
completed a similar volume of acute exercise and to match the duration
of autonomic measurement recording at baseline and during exercise.

Nociceptive outcome measures

The nociceptive system was assessed using pressure pain threshold
(PPT). PPT was assessed 2 cm distal to the inferior edge of the medial
patella on the test knee (Arendt-Nielsen et al., 2010) and at the volar
forearm on the ipsilateral limb, 5 cm distal to the elbow along the radial
border. A handheld algometer (AlgoMed, Medoc, Israel) was applied to
the test site and the pressure increased at 30 kPa/s until the participant
pressed a button indicating the pressure had changed from uncomfort-
able to painful. The procedure was performed three times at each
location with a 30 s interval between stimuli, and the average used for
further analyses.

Autonomic outcome measures

Heart rate variability

High frequency heart rate variability (HF HRV) was used as a mea-
sure of parasympathetic activity. Heart rate was obtained from contin-
uous electrocardiogram (ECG) recordings (Cardio Vascular Lab, Medis,
Germany). Pregelled 46 x 88 mm Ag/AgCl ICG/ECG electrodes were
placed at each side of the participant’s neck and on each side of the
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thorax along the midaxillary line. The ECG signal was sampled at 200 Hz
and time locked to the R wave. The variability of RR intervals was
examined using Kubios HRV Premium v3.5.0 (Kubios Oy, Finland).
Following fast-fourier transform, HF HRV (0.15-0.4 Hz) was extracted
from the data obtained over 5-minute recording periods (baseline,
during isometric exercise).

Cardiac pre-ejection period

Pre-ejection period (PEP) was used as a measure of central sympa-
thetic activity. PEP data were extracted from the same impedance
cardiography and ECG recording used for HRV. PEP was defined as the
interval between the onset of electrical stimulation of the ventricles (Q
wave on the ECG) and aortic valve opening (B point on impedance
cardiography signal) (Burgess et al., 2004). The mean PEP of the last 30 s
of each minute of the 5 min recordings was determined at baseline and
during exercise.

Electrodermal activity

Electrodermal activity (EDA) was used as a measure of peripheral
sympathetic activity. EDA was recorded by placing a pair of 6 cm
diameter pregelled Ag/AgCl electrodes (Red Dot, 3 M) on the palmer tips
of the index and middle fingers of the hand, after being pre-treated with
ethanol wipes, at least 10 cm away from any region on the forearm
receiving thermal stimulation. Data were sampled at 32 Hz using a
NeXus-10 MKII analogue-to-digital convertor and BioTrace software
(MindMedia, Netherlands). Tonic EDA (skin conductance level; SCL)
was assessed by determining the mean amplitude of the EDA signal
during the last 10 s of each minute during the 5 min recordings at
baseline and during isometric exercise (Treister et al., 2012). Phasic EDA
(skin conductance response; SCR) was calculated by determining the
number of spontaneous EDA spikes per minute (>0.03 uS) during the 5
min recording periods at baseline and during isometric exercise
(Braithwaite, 2013).

Statistical analyses

Demographic and clinical characteristics of the three groups were
compared using one-way analysis of variance (ANOVA), Kruskal-Wallis
tests, and the chi-square test, as appropriate. Significant main effects
were followed up to compare the knee OA and FM groups to the control
group.

To compare the outcome measures at rest (i.e., baseline) among the
three groups, one-way ANOVA was used. Significant main effects were
followed up with one-sided Dunnett’s test to compare the knee OA and
FM groups to the control group. To determine the effect of isometric
exercise, two-way repeated measures ANOVAs were used to compare the
outcome measures across the two time periods (baseline, during/
following isometric exercise) and three groups (control, knee OA, FM).
The Huynh-Feldt correction factor was used when Epsilon < 1. Signifi-
cant main effects of time were investigated with paired t-tests to
compare baseline to during/following exercise in the three groups.
Significant interaction effects were investigated by comparing the
change in outcome measure from baseline to during/following exercise
between the three groups using a one-way ANOVA with follow-up one-
sided Dunnett’s test.

The alpha level for all statistical procedures was set to 0.05, and all
statistical analyses were performed using SPSS v.28 (Armonk, NY: IBM
Corp).

Results
Participant characteristics
During the period of recruitment, the worldwide COVID-19

pandemic led to several lockdown periods in the Auckland region, and
a general hesitancy of participants to attend hospital-based
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appointments for research involving face-to-face data collection. As
such, only 42 of the planned 63 participants were able to be recruited. In
addition, two participants exhibited previously undiagnosed cardio-
vascular anomalies; thus, these data were omitted from the analyses.

Table 1 shows demographic and clinical information of the three
groups. There were no significant differences in age or gender in the two
pain groups compared to controls. As expected, BPI severity, BPI inter-
ference, DASS-21, and PCS values were all significantly higher in the
knee OA and FM groups compared to control (all p < 0.001). There were
also significant differences between groups in MVC. Follow-up one-sided
Dunnett’s test showed that, as expected, MVC was significantly lower in
both the knee OA (p = 0.003) and FM (p = 0.01) groups compared to the
control group. There were no significant differences between groups in
Borg RPE during isometric exercise in the ANS (p = 0.22) or nociceptive
(p = 0.052) testing sessions.

Autonomic outcome measures

Heart rate variability

Group results for HF HRV are shown in Fig. 2A and Table 2. There
were significant differences among groups in HF HRV at baseline (rest)
(Fo,37 = 6.90, p = 0.003). Follow-up one-sided Dunnett’s test showed
both the knee OA (p < 0.001) and FM (p = 0.03) groups to have
significantly lower HF HRV at rest compared to the control group.

In examining the response to exercise, the main effect of time (F; 37
= 72.2, p = 0.001) and the time x group interaction were significant
(Fq,37 =7.5,p = 0.002). Compared to baseline, HF HRV was significantly
lower in the control (p < 0.001), knee OA (p = 0.02), and FM (p < 0.001)
groups during isometric exercise. To explore the interaction effect,
change values in HF HRV from rest to during isometric exercise were

A
70
60
50
40
30

HF HRV (nu)

20
10

0

Control Knee OA FM

SCL (pS)

Knee OA FM

- Baseline

Control

PEP (ms)
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Table 2
Group averages (standard deviation) for the autonomic and nociceptive outcome
measures at baseline and during/after isometric exercise.

Control Knee OA M p value
HF HRV (nu)
Baseline 61.0 (11.6) 38.0 (18.5)7 46.8 (17.4)  0.003
During exercise 26.8 (14.5)* 27.7 (12.1)* 24.4 (15.3)*
PEP (ms)
Baseline 118 (18) 127 (23) 119 (11) 0.43
During exercise 109 (16)* 120 (22)* 114 (12)*
SCL (us)
Baseline 5.3 (2.5) 7.6 (4.2) 10.4 (5.3)* 0.01
During exercise 10.6 (4.9)* 11.5 (6.3)* 13.4 (5.8)*
SCR (spikes/min)
Baseline 0.16 (0.51) 0.76 (1.01) 1.05 (1.45) 0.08
During exercise 4.77 (2.06)* 4.20 (1.88)* 4.85 (2.25)*
Knee PPT (kPa)
Baseline 330(117) 253 (134) 217 (83)* 0.04
Following exercise 376 (143)* 272 (124) 248 (113)
Arm PPT (kPa)
Baseline 264 (118) 243 (95) 240 (209) 0.83
Following exercise 273 (141) 223 (88) 209 (103)

HF HRV = high frequency heart rate variability; PEP = pre-ejection period; SCL
= skin conductance level; SCR = skin conductance response; PPT = pressure
pain threshold; OA = osteoarthritis; FM = fibromyalgia; * = significant differ-
ence from baseline; # = significant difference from control group.

140 -
130
120
110

100

90

Knee OA FM

Control

SCR (spikes/min)

0 -

Control Knee OA FM

|:| During exercise

Fig. 2. Group results showing data from the autonomic nervous system session. HF HRV = high frequency heart rate variability; PEP = pre-ejection period; SCL =
skin conductance level; SCR = skin conductance response; OA = osteoarthritis; FM = fibromyalgia. * = significant difference from baseline; # = significant difference

from control group. Error bars are 1 standard error of the mean.
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compared between the control group and the two chronic pain groups.
One-sided Dunnett’s test showed the reduction in HF HRV during iso-
metric exercise was significantly smaller in the knee OA group compared
to the control group (p < 0.001). While the reduction in HF HRV values
was lower in the FM group compared to the control group, this differ-
ence did not reach statistical significance (p = 0.063).

Cardiac PEP

Group results for PEP are shown in Fig. 2B and Table 2. There were
no significant differences among groups in PEP at baseline (rest) (F3 39 =
0.87, p = 0.43). The main effect of time was significant for PEP (F; 39 =
21.1, p < 0.001) but the interaction effect was not (Fp 39 = 0.64, p =
0.53). Compared to rest, PEP was significantly shorter in the control (p
= 0.009), knee OA (p = 0.02), and FM (p = 0.03) groups during iso-
metric exercise.

Electrodermal activity

Group results for SCL are shown in Fig. 2C and Table 2. There were
significant differences among groups in SCL at baseline (rest) (Fa39 =
5.5, p = 0.01). Follow-up one-sided Dunnett’s test showed that SCL at
rest was significantly higher in the FM group compared to the control
group (p = 0.002), while the knee OA group were not significantly
different from the control group (p = 0.12). The main effect of time was
significant for SCL (F;,39 = 64.4, p < 0.001) but the interaction effect
was not (Fa 39 = 1.9, p = 0.16). Compared to rest, SCL was significantly
higher in the control (p < 0.001), knee OA (p < 0.001), and FM (p =
0.002) groups during isometric exercise.

Group results for SCR are shown in Fig. 2D and Table 2. There were
no significant differences among groups in SCR at baseline (rest) (Fa 39
= 2.7, p = 0.08). The main effect of time was significant for SCR (Fy,39 =
210.4, p < 0.001) but the interaction effect was not (Fa39 = 1.7, p =
0.20). Compared to rest, SCR was significantly higher in the control (p <
0.001), knee OA (p < 0.001), and FM (p < 0.001) groups during iso-
metric exercise.

Nociceptive outcome measures

Knee PPT

Group results for knee PPT are shown in Fig. 3A and Table 2. There
were significant differences among groups in knee PPT at baseline (F3 39
= 3.58, p = 0.04). Follow-up one-sided Dunnett’s test showed the FM
group to have significantly lower knee PPT at baseline compared to the
control group (p = 0.01). While knee PPT values were lower in the knee
OA group compared to the control group, this difference did not reach
statistical significance (p = 0.07).
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The main effect of time was significant for knee PPT (F; 39 =8.1,p =
0.007) but the interaction effect was not (F39 = 0.5, p = 0.61).
Compared to baseline, knee PPT was significantly lower immediately
following exercise in the control group (p = 0.01), but not in the knee OA
(p = 0.20) and FM (p = 0.06) groups.

Arm PPT

Group results for arm PPT are shown in Fig. 3B and Table 2. There
were no significant differences among groups in arm PPT at baseline
(Fa,39 = 0.2, p = 0.83). Neither the main effect of time (F; 39 = 2.5,p =
0.13) or the interaction effect (Fo 39 = 1.8, p = 0.18) were significant for
arm PPT.

Relationship between autonomic and nociceptive function

To investigate the relationship between EIH and autonomic function,
the change in knee PPT following exercise was correlated with the
change in HF HRV during exercise in each group, as HF HRV was the
only ANS outcome measure that showed a significant interaction be-
tween time and group. Pearson’s r was not significant in the control (r =
0.24, p = 0.43), knee OA (r = 0.12, p = 0.69), or FM groups (r = -0.20, p
= 0.52).

Discussion

This is the first study to examine the effects of acute isometric ex-
ercise on the ANS in people with knee OA. Participants with knee OA
and FM both exhibited signs of ANS dysfunction at rest and, for the knee
OA group, in response to isometric exercise. Furthermore, both the knee
OA and FM groups demonstrated impaired EIH in response to acute
isometric exercise.

Autonomic function

The study demonstrated reduced resting vagal tone in both the knee
OA and FM groups. While this is a novel finding for people with knee OA,
it is in line with previous meta-analytic evidence that chronic pain
populations exhibit reduced vagal tone (Tracy et al., 2016), as well as
specific studies involving people with FM (Cohen, 2001; Reyes del Paso
etal., 2011; Furlan, 2005; Cohen et al., 2000). Higher resting vagal tone
is associated with better executive function, reactivity to environmental
demands, and emotional regulation (Laborde et al., 2018; Tonhajzerova
etal., 2016; Appelhans and Luecken, 2006). Therefore, low resting vagal
tone may be a measure for increased risk to external stressors (Thayer
and Brosschot, 2005). Importantly, a loss of normal vagal tone may

A B
500 400 -
= 400 - _ 300 -
3 g
x
- =
o 4
o 300 =200 -
o # o
g E
X 200 - < 100 -
100 - 0 -
Control  Knee OA FM Control  Knee OA FM
. Baseline |:| Following exercise
Fig. 3. Group results showing data from the nociceptive system session. PPT = pressure pain threshold; OA = osteoarthritis; FM = fibromyalgia. * = significant

difference from baseline; # = significant difference from control group. Error bars are 1 standard error of the mean.
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impair a person’s ability to adapt to nociceptive stimuli and reduce tonic
descending inhibition of nociceptive pathways (Hohenschurz-Schmidt
et al., 2020). In addition, it has been hypothesised that a loss of vagal
tone may increase both systemic and local joint inflammation, poten-
tially enhancing disease progression and sensitisation of nociceptive
pathways in people with OA (Yeater et al., 2022; Courties et al., 2017).

Vagal withdrawal is one of the first autonomic responses to stress
(Martin et al., 1974) and HF HRV has long been known to decrease in
healthy people immediately following isometric exercise (Taylor et al.,
1995; Boutcher and Stocker, 1999). If vagal tone is already reduced at
rest, further withdrawal may not be able to occur in response to such
stimuli (Laborde et al., 2018). Following this, participants with knee OA
in the current study demonstrated a reduced vagal withdrawal in
response to acute isometric exercise compared to controls. A smaller
reduction in HF HRV was also evident in the FM group but this did not
reach statistical significance. A similar impaired vagal withdrawal in
response to isometric exercise has been reported in healthy older adults
(~67 years old) who also had lower baseline HF HRV (Taylor et al.,
1995). These findings align with the concept that reduced tonic vagal
activity impairs the capacity to modulate vagal drive appropriately in
response to stressors, including exercise.

Only one previous study (Hallman et al., 2011) has examined HF
HRV in response to isometric exercise in a chronic pain condition. In
their study involving people with chronic neck-shoulder pain, (Hallman
et al., 2011) reported a trend to reduced HF HRV at baseline but found
no significant difference to controls in the response to isometric exercise
(hand grip test), potentially due to the involvement of a smaller muscle
group. Autonomic reactivity to stress, including vagal withdrawal, may
be involved in triggering descending nociceptive modulation (Hohen-
schurz-Schmidt et al., 2020; Makovac et al., 2021). Therefore, vagal
dysfunction may contribute to impaired nociceptive processing in peo-
ple with knee OA and FM due to the blunted ability to respond to stimuli
and initiate appropriate endogenous nociceptive inhibitory responses
(Barakat, 2012).

There are limited studies on the sympathetic nervous system (SNS) in
people with OA (Courties et al., 2017). Indeed, this is the first study to
investigate EDA and PEP in people with OA. There were no significant
differences from control evident at baseline in either of the EDA mea-
sures or PEP, suggesting intact resting SNS function in people with knee
OA. PEP shortened and EDA increased significantly in all three groups
during isometric exercise, reflecting an increase in SNS activity. Many
previous studies have shown PEP to decrease in healthy people in
response to isometric exercise (Boutcher and Stocker, 1999; Kino et al.,
1975; Chirife, 1988; Nishiyasu et al., 1994), reflecting an increase in
metabolic demand that enhances sympathetic drive to the heart to in-
crease its rate and force of contraction. Previous studies, primarily uti-
lising microneurography, have also shown that isometric muscle
contraction increases sympathetic outflow to the skin in healthy people
(Saito et al., 1990; Vissing et al., 1991; Seals, 1993; Schestatsky et al.,
2009) and people with FM (Elam et al., 1992), although this does not
always result in a change in EDA (Crandall et al., 1995; Ray and Wilson,
2004). Given the lack of difference from controls in both the knee OA
and FM groups in the response to exercise, it is assumed this sympathetic
response is intact in these populations but further, higher powered
studies are needed to confirm this.

Nociceptive function

The chronic pain groups were expected to have reduced PPTs at rest,
based on previous research that has revealed nociceptive sensitisation in
people with knee OA (Suokas et al., 2012; Fingleton et al., 2015) and FM
(Blumenstiel et al., 2011; Hilgenberg-Sydney et al., 2016). While knee
PPT was significantly lower in the FM group compared to controls, it was
not significantly different in the knee OA group. The effect size between
the knee OA and control group is comparable to a previous study
(Arendt-Nielsen et al., 2010) that found significantly reduced
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mechanical thresholds, although is smaller than that seen in other
studies (Fingleton et al., 2017). This suggests that while sample size may
have been a factor in the lack of significant findings for PPT in the knee
OA group, there may also be other differences between the studies
leading to discrepancies in the findings, such as testing sites, resting pain
levels, or participant characteristics.

The results for arm PPT showed no differences between groups.
Again, previous studies testing PPT at remote anatomical sites have
consistently found lowered thresholds in people with knee OA (Suokas
et al., 2012; Fingleton et al., 2015), suggestive of widespread sensiti-
sation in central nociceptive pathways and/or impaired descending in-
hibition of spinal nociceptive pathways.

Immediately following acute isometric exercise, a significant in-
crease in knee PPT was evident in the control group. This result is
congruent with previous research showing the presence of EIH in
healthy, pain free populations by way of increased PPT following iso-
metric exercise (Hoeger Bement et al., 2008; Koltyn and Umeda, 2007;
Kosek and Lundberg, 2003; Naugle et al., 2014; Umeda et al., 2010;
Vaegter et al., 2014). In contrast, people with knee OA and FM showed a
more variable response in our study, with an absence of EIH via lack of
significant increase in knee PPT immediately following acute isometric
exercise. The hypoalgesic effect of exercise occurs at peripheral, spinal,
and supraspinal levels of the nocicieptive system (Koltyn, 2000; Rice
etal., 2019) and can be the net result of increased activity in descending
pain modulating pathways facilitated by the baroreflex system, endog-
enous opioids, cannabinoids, serotonin, and/or noradrenaline (Koltyn,
2000; Umeda et al., 2010; Rice et al., 2019; Tour et al., 2017).

Impairment of EIH has previously been shown in people with chronic
pain (Wewege and Jones, 2021; Nijs et al., 2012), including knee OA
(Fingleton et al., 2017; Burrows et al., 2014) and FM (Staud, 2005;
Kosek et al., 1996; Lannersten and Kosek, 2010), but this is not always
consistent (Kosek et al., 2013; Neelapala, 2018; Fingleton et al., 2017).
Impaired EIH has also previously been shown at sites distal to the con-
tracted muscle in people with chronic pain (Staud, 2005; Lannersten and
Kosek, 2010; Kadetoff and Kosek, 2007). However, no statistically sig-
nificant differences in arm PPT were found among the groups in the
current study. This suggests that only a local EIH effect was observed,
which is supported by previous research reporting remote EIH to be
either absent, or smaller in magnitude, compared to local EIH in healthy
people (Gajsar, 2016; Vaegter et al., 2019) and people with knee OA
(Hansen et al., 2020). Correlations between the extent of EIH at the knee
and vagal withdrawal during exercise revealed a lack of relationship
between these variables in any of the groups. While we were therefore
not able to provide evidence of a direct association between ANS
dysfunction and reduced EIH, it is possible that an indirect or non-linear
relationship exists or that more participants with varied EIH are
required to reveal a relationship.

Strengths and limitations

The strengths of this study include the range of validated outcome
measures collected in a controlled laboratory environment; however,
there were also some limitations. While MVC values were different be-
tween groups, the relative intensity of exercise was standardised and
Borg ratings of perceived exertion were no different between groups
during both testing sessions. This suggests the chosen intensity and
duration of exercise provided a comparable level of controlled, tolerable
muscle activation for all groups. Related to this, exercise-associated pain
in the knee OA and FM groups may have additionally impacted the ANS
response to isometric contraction but was not measured in the current
study. COVID-19 restrictions led to the sample size being smaller than
intended, with the study potentially being underpowered to detect some
differences between groups and/or over time, as well as associations
between ANS measures and EIH.
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Conclusions

The findings indicated impaired resting vagal function and reduced
vagal reactivity to exercise stress in people with knee OA. Due to the
many interconnections of the autonomic and nociceptive systems, this
dysfunction may contribute to impaired descending inhibition of the
nociceptive system and ongoing pain in this population. Mechanisms to
support parasympathetic function should be investigated in people with
knee OA to determine the effect on the nociceptive system (Van Den
Houte et al., 2018).
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