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Abstract

Purpose There is considerable interindividual variability in the perception of pain. Given that pain management is a major
public health problem, gaining insight into the underlying physiology of these perceptual differences is important. We tested
the hypothesis that when interindividual variability in initial muscle sympathetic nerve activity (MSNA) responses to a cold
pressor test (CPT) is identified, the divergent responses will be linked to differences in pain perception in healthy young
men and women.

Methods In the supine position, blood pressure (BP) and MSNA were measured at baseline and during a 2-min CPT. Imme-
diately following the CPT, pain was rated (range 0—10).

Results Two groups were established: positive responders (Pos, n=12) and negative responders (Neg, n=12) based on
the initial (first 30 s) MSNA response profiles (Pos: 12 +9, Neg: —3 + 3 bursts/min, P <0.0001). MSNA response profiles
throughout the CPT were different between groups (P <0.0001). Peak MSNA increases were different (Pos: 27 + 11, Neg:
9 + 5 bursts/min, P <0.0001) and corresponded with initial MSNA responses (R*=0.6881, P <0.0001). Blood pressure
responses were also different throughout the CPT (P <0.0001). Most importantly, the perception of pain induced by the CPT
was different between the two groups (Pos: 8+ 1, Neg: 4+ 1, P<0.0001).

Conclusions The results indicate that in healthy young men and women, there are divergent initial sympathetic neural
responses to a given painful stimulus that are linked to the magnitude of pain perception. These findings highlight the dis-
tinctive sympathetic patterns that may contribute to the considerable interindividual variability in the perception of pain.
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Introduction

> Qi Fu
QiFu@TexasHealth.org Pain is a major public health problem, with more than 100
million American adults experiencing chronic pain condi-
tions, costing society at least US$560-635 billion annually
to treat and manage [27]. The pathophysiology and subse-
quent experience of pain is highly complex and results in
substantial variability in its perception [36, 58]. One of many
factors that may modulate the responses to and perception
of pain is the health of the cardiovascular system [45]. In
fact, the systems modulating pain and blood pressure (BP)
appear to be inherently linked [6, 23, 43, 44]. This is dem-

UT Southwestern Medical Center, Institute for Exercise

and Environmental Medicine, Texas Health Presbyterian
Hospital Dallas, 7232 Greenville Avenue, Suites 435, Dallas,
TX 75231, USA

Department of Health Care Sciences, University of Texas
Southwestern Medical Center, Dallas, USA

Department of Internal Medicine, University of Texas
Southwestern Medical Center, Dallas, USA

Department of Health and Exercise Science, Appalachian

State University, Boone, USA

School of Sport, Health and Exercise Sciences, Bangor
University, Bangor, UK

Department of Anesthesiology and Pain Management,
University of Texas Southwestern Medical Center, Dallas,
USA

onstrated in several recent observational studies suggesting
that a relationship exists between pain responses and the risk
of cardiovascular disease [7, 19, 25].

Acute pain leads to a rapid rise in BP, which in turn may
reveal both short- and long-term cardiovascular risk [9, 34,
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35, 50, 57]. Experimentally, inducing noxious stimuli such
as strong pressure in the nail, mechanical pressure on the
skin, hypertonic saline injection in the skin and muscle, and
immersion of the hand in ice water (cold pressor test, CPT)
leads to the activation of the sympathetic nervous system via
a somatosensory reflex. The subsequent increase in effer-
ent sympathetic outflow [muscle sympathetic nerve activity
(MSNA)] evokes downstream cardiovascular responses and
an increase in BP [8, 30, 40, 41, 57]. Effectively, experimen-
tally induced pain allows for a functional model to demon-
strate the strong relationship between sympathetically driven
cardiovascular changes and the perception of pain [47].

Very much like the considerable interindividual variabil-
ity in the perception of pain [20, 47], there is interindividual
variability in efferent sympathetic outflow during established
sympathoexcitatory stimuli. Indeed, recent studies have
demonstrated that interindividual differences exist in the
MSNA response during mental stress and hand grip [18, 26].
Particularly interesting is that MSNA response variability
during mental stress was apparent even in the initial 30 s of
the stress, wherein individuals exhibited either a rise or fall
in sympathetic activity [26]. Early studies evaluating MSNA
observed initial sympathoinhibition responses to noxious
stimuli, including the CPT [14, 30, 47]. Adaptation to pain
is composed of both inhibitory and facilitatory influences [6,
38]; however, it is unclear how the initial, individual MSNA
responses relate to subjective perception of pain.

Thus, the primary objective of this study is to determine
whether distinct MSNA response patterns are linked with
differences in the perception of pain. Based on the previ-
ous studies [30, 33, 47], we hypothesized that there would
be substantial interindividual variability in initial sympa-
thetic neural responses to CPT-induced acute pain. We fur-
ther hypothesized that the initial MSNA responses would

correspond to the peak MSNA, BP responses, and percep-
tion of pain. Understanding this relationship may set the
foundation for future research on chronic pain as well as
pain-induced changes related to cardiovascular health.

Methods
Ethical approval

All participants were informed of the purpose, procedures,
and risks of the study before providing written informed
consent. The protocol and consent were approved by the
institutional review boards at the University of Texas South-
western Medical Center and Texas Health Presbyterian Hos-
pital Dallas (IRB nos. STU092013-036, STU082016-057,
STU092017-068). This research study conformed to stand-
ards set by the Declaration of Helsinki, except for registra-
tion in a database.

Subjects

Twenty-four healthy subjects (14 women and 10 men; 32+9
[mean + SD] years old, body mass index (BMI): 26 + 3 kg/
m?) participated. Descriptive characteristics of the subjects
are outlined in Table 1. All subjects were normotensive
and had no evidence of cardiopulmonary, neurological or
renal disease, based on history and physical examination
at the time of the study. No subject smoked, used recrea-
tional drugs, or had other significant medical problems. No
woman was pregnant during the experiment. Parental history
of hypertension was obtained in each subject.

Table 1 Baseline participant

D Initial negative response Initial positive response P value
characteristics (n=12) (n=12)

Female n=3_§ n=6

Race Asian 1, Caucasian 11 Asian 1, Caucasian 11

Age (years) 3011 3347 0.37
BMI (kg/m?) 26+4 25+3 0.46
Heart rate (bpm) 61+12 60+16 0.82
SBP (mmHg) 117+18 116+29 0.96
DBP (mmHg) 70+9 67+19 0.51
MAP (mmHg) 85+10 84+21 0.68
Respiration rate (breaths/min) 14+5 14+5 0.79
MSNA BF (bursts/min) 12+8 9+6 0.48
MSNA BI (bursts/100 heartbeats) 19+15 15+9 0.41

Data are expressed as mean +SD

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, MAP mean arterial pres-
sure, MSNA muscle sympathetic nerve activity, BF burst frequency, Bl burst incidence
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Measurements
Cardiovascular variables

Heart rate (HR) was determined from lead II of the electro-
cardiogram (ECG) (Hewlett-Packard). Arm BP was meas-
ured by electrosphygmomanometry (model 4240, Suntech);
with a microphone placed over the brachial artery to detect
Korotkoff sounds. Mean arterial pressure (MAP) was calcu-
lated as [(SBP — DBP)/3] + DBP, where SBP and DBP are
systolic and diastolic BP, respectively. Respiration was mon-
itored by a nasal cannula (Criticare Systems, model 602-11).

Muscle sympathetic nerve activity

Multi-unit MSNA signals were obtained utilizing the
microneurographic technique [55]. Briefly, a recording
electrode was placed in either the peroneal nerve (n=19)
at the popliteal fossa or the radial nerve at the spiral groove
(n=35), and a reference electrode was placed subcutaneously
2-3 cm from the recording electrode [12, 39, 59]. The nerve
signals were amplified (gain 70,000-160,000), band-pass
filtered (700-2000 Hz), full-wave rectified, and integrated
with a resistance—capacitance circuit—time constant 0.1 s
(662C-3, Department of Biomedical Engineering, University
of Towa). Criteria for adequate MSNA recording included
the following: (1) pulse synchrony; (2) facilitation during
the hypotensive phase of the Valsalva maneuver, and sup-
pression during the hypertensive overshoot after release; (3)
increases in response to breath holding; and (4) insensitivity
to a gentle skin touch or a loud shout [55].

Protocol

The experiment was performed >2 h after a light meal
and > 12 h after the last caffeinated or alcoholic beverage
was consumed, in a quiet, environmentally controlled labo-
ratory with an ambient temperature of about 25 °C. Women
were studied during the mid-luteal phase of the menstrual
cycle (19-22 days after the onset of menstruation, when both
estrogen and progesterone are high) or during the high-hor-
mone phase of oral contraceptive use. A urine pregnancy
test was performed prior to each testing to confirm that the
women were not pregnant.

Participants were studied in the supine position. At least
10 min after an acceptable nerve recording site had been
found, baseline MSNA and cardiovascular data were collected
for 6 min during spontaneous breathing. After that, the sub-
ject performed the CPT, where the hand up to the wrist was
immersed in an ice water bath (< 0.1°C) for 2 min, after which
the subject’s hand was immediately dried and warmed. The
subject was instructed to breathe normally, and avoid breath
holding during the hand immersion. MSNA and cardiovascular

data were recorded continuously during the CPT. Immediately
following the CPT, the subject was asked to rate their percep-
tion of pain on a numeric rating scale of 0—10, with 0 being
no pain and 10 being the worst pain imaginable. The scale
accommodates the full range of human pain perceptions from
non-painful, discomfort to intensely painful sensations [4, 49].

Data analysis

Data were sampled at 625 Hz with a commercial data acqui-
sition system (Biopac Systems, Santa Barbara, CA, USA)
and analyzed using LabVIEW software (National Instru-
ments, Austin, TX, USA). Beat-by-beat HR was calculated
from the R-R interval of the ECG. MSNA bursts were iden-
tified by a custom-made computer program [11], and con-
firmed by trained personnel. Burst frequency was defined
as the number of bursts per minute, and burst incidence was
used to normalize burst frequency per 100 heartbeats.

MSNA and cardiovascular data during supine baseline
measurements were averaged. During the CPT, data were
collected for 2 min and averaged for every 30 s, and MAP
was collected every minute. In order to achieve our specific
aims, we divided our participants into two groups based on
the initial directionality of responses to the CPT. Subjects
presenting with an increase in MSNA burst frequency dur-
ing the initial 30 s of the CPT were classified and labeled as
positive responders (Pos); and those that presented with no
change or decrease in MSNA initially were classified and
labeled as negative responders (Neg).

Statistical analysis

All data are expressed as mean + standard deviation. A two-
way repeated-measures ANOVA was utilized to compare the
changes in HR, BP, and respiratory and MSNA responses
between the two groups of responders. As determined a
priori, if a significant interaction was identified, multiple
post hoc comparisons of the changes (peak and/or initial) in
responses were performed utilizing ¢ tests with a Bonferroni
adjustment. The perceived pain levels for the positive and
negative responders were compared utilizing an unpaired ¢
test, and parental history of hypertension reported by off-
spring was compared using a Chi-squared analysis. P val-
ues < 0.05 were considered statistically significant. Graph-
Pad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA)
was utilized to perform the statistical analysis and graphing.

Results
Baseline participant characteristics are presented in Table 1.

Two groups were established based upon the initial (first
30 s) MSNA response to CPT (Pos: 12+9, Neg: -3 +3
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bursts/min, P <0.0001). The two groups did not differ in
any characteristic at rest. Representative laboratory trac-
ings of data acquired during baseline, CPT, and recovery
are presented in Fig. 1. Time course of changes in MAP,
MSNA, HR, and respiratory responses to CPT are presented
in Figs. 2a, 3, and 5, respectively. A significant interaction
was revealed in the analysis of MAP, and MSNA expressed
as burst incidence and burst frequency. Post hoc analysis
demonstrated significant differences between the two groups
in peak changes in MAP (Fig. 2b), as well as initial and peak
changes in MSNA (Fig. 4). The relationship between the
initial changes in MSNA and peak changes in MSNA are
presented in Fig. 6. Significant differences in the reported
perception of pain on a scale of 0—10 between the two
groups are presented in Fig. 7. Finally, a significant differ-
ence existed between groups with respect to self-reported
parental history of hypertension (Fig. 8).

Discussion

The primary objectives of this study were to investigate
and classify the initial sympathetic neural response profiles
to a CPT and to subsequently compare pain perceptions
between the two distinct groups. Four important findings
were revealed. First, interindividual variability in initial
MSNA responses to a cold pressor test was apparent in
this study. The patterns of these initial MSNA responses
permitted the classification and comparison of positive and
negative responders. Secondly, the stratification of these
two groups revealed differences in MSNA and BP response
profiles throughout the cold pressor stimulus. In this regard,
the initial phase (first 30 s) of the sympathetic response to
a CPT (first 30 s) corresponds to peak changes in MSNA
during the CPT, with positive responders showing greater
peak sympathetic responsiveness than negative respond-
ers. Third, differences were discovered in the perception
of pain between these two groups. Specifically, individu-
als with positive responses during the initial phase of CPT
had greater pain scores than those with negative responses.
Finally, individuals in the initial negative response group to
CPT also reported a higher prevalence of parental hyper-
tension. Taken together, these findings provide important
insight into the efferent neural underpinnings of the relation-
ship between the cardiovascular and pain regulatory systems
when exposed to a noxious stimulus.

The relationship between blood pressure, MSNA, and
pain perception in the current study is consistent with pre-
vious investigations. This pattern of cardiovascular and sym-
pathetic neural responses to painful stimuli first emerged
in a study by Schobel et al. in 1996 [47]. In normotensive
male subjects, their data showed strong correlations between
pain ratings and increases in blood pressure and MSNA in
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response to pain evoked by mechanostimulation, i.e. skin
pinching. Our investigation extends these findings, provid-
ing additional evidence that the magnitude of change in
blood pressure and MSNA correspond with ratings of pain
in response to an alternative painful stimulus (i.e. CPT).
Furthermore, in our study, this relationship between blood
pressure, MSNA, and pain perception in response to a CPT
was demonstrated in a sample that included both normoten-
sive men and women. Individual differences in sympathetic
nerve activity and cardiovascular responses to a painful
stimulus were also described by Fazalbhoy et al. in 2012
[20]. Variable levels of saline were intramuscularly infused
to induce consistent subject ratings of tonic muscle pain;
again, distinctly divergent patterns in MSNA, blood pressure
and heart rate were observed. In the current investigation,
similar divergent MSNA and BP responses were identi-
fied under conditions of a consistent noxious stimulus, as
opposed to a consistent subjective experience. It is possible
that the baroreflex was involved in the initial sympathoinhi-
bition in the negative responders.

The highly subjective nature of the pain experience may
also be influenced by the intricate interplay between the
peripheral and central nervous system. The observed initial
divergence in the MSNA responses to CPT in our two groups
may be explained by alterations of the peripheral nocicep-
tors (e.g., changes in receptor density and/or sensitivity),
modulations within the central nervous system (CNS), or
both. While the absolute magnitude of CPT stimulus was
consistent across participants, differences in the propa-
gation of the stimulus by sensory afferents may alter the
sympathetic, cardiovascular, and/or perceptual responses.
Furthermore, CNS modulation encompasses transmissions
of spinal cord inhibitory inter-neurons, cortical processing
of nociceptive inputs, and facilitatory/inhibitory descend-
ing pain control mechanisms [32, 61, 62]. Thus, another
factor underpinning the difference in pain perception inten-
sity between the groups may be the brainstem’s descending
modulatory network—both its pro- and antinociception [54].
Previous research has demonstrated that CPT-induced pain
activates the autonomic nervous system, potentially resulting
in hypoalgesia, a response driven by hypothalamic—pitui-
tary—adrenal axis stress reactivity [24, 31, 46, 48] and/or
baroreflex-mediated pain modulation [17]. Clinically rel-
evant, CPT-induced hypoalgesia is absent in patients with
chronic pain [42]. Ultimately, parsing out the exact cause of
the different response patterns is beyond the scope of this
investigation; rather, these findings reflect the final effer-
ent arc of the summation of all facilitatory and inhibitory
mechanisms of pain processing. Future research should
take a more mechanistic approach towards understanding
the distinct MSNA response patterns described in the cur-
rent investigation. A potential avenue to further examine
physiological mechanisms underlying the CPT response in
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Fig. 1 Representative laboratory recordings during baseline, CPT, and recovery from a a positive responder and b a negative responder

healthy individuals is to selectively alter pain perception via
pharmacologic manipulation. Importantly, extending this
research into pathophysiological processes, i.e. maladaptive

pain, may give important insight into the management of

chronic pain.
The implications of the observed differences in paren-

tal history of hypertension between the two groups are
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unclear. Nearly four decades of research has demon-
strated a consistent relationship between hypertension and
reduced pain sensitivity [6, 22, 45]. In fact, similar to the
results of the current study, a handful of investigations
have demonstrated reduced cardiovascular responsiveness
to acute pain in normotensive individuals with a family
history of hypertension [1, 2, 5, 13, 15, 21, 51]. In stark
contrast, however, an abundance of literature describes an
exaggerated or hyperreactive pressor responses to CPT in
hypertensive and pre-hypertensive individuals [3, 10, 28,
37, 53, 60, 63]. Furthermore, there are inherent limita-
tions in assessing parental history of hypertension with
self-reports, including lack of details (e.g., age of onset,
maternal vs paternal) and the tendency for underdiagno-
sis. Combined with the limited sample size of this study,
the most conservative interpretation of this data would be
to consider the responses to CPT and parental history of

@ Springer

hypertension a spurious relationship that requires further
investigation.

Clinically, the results of this study serve as a basis for
further investigation into the relationship between sympa-
thetic neural activity and pain regulation. The identifica-
tion of variability in the neurophysiological components
of normal, adaptive pain processing allows for the logical
progression to proceed with this type of experimentation
in abnormal, pathological pain processing. For example,
examining the overlap of the pathological states of these
two systems, i.e. cardiovascular dysfunction and maladap-
tive pain, with the methodology used in this study, would
provide clinically relevant data. For instance, alterations
in the sympathetic nervous system have been reported in
complex regional pain syndrome [29]. Additional investi-
gation into direct recordings of sympathetic nerve activity
during stress may better elucidate the contributions of the
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[16, 52, 56], further research using this technique is war-
ranted and may provide specific targets for therapeutic
interventions.
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Conclusions

The present study reveals interindividual variability in
initial sympathetic neural responses to a CPT in healthy
men and women. Furthermore, the two divergent initial
MSNA response profiles are significantly different in the
reported pain to the CPT, as well as peak sympathetic and
BP responses. To our knowledge, this is the first study to find
these distinctive MSNA patterns, especially initially, and
to link them to pain perception. The mechanisms responsi-
ble for the interindividual variability in MSNA and how it
relates to pain process and hereditary risk of hypertension
remains unclear and requires further investigation. Regard-
less, this study provides clear evidence that pain percep-
tion is tightly tied to neurophysiological responses during
a noxious stimulus, which may have important clinical
implications.
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