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Low Baseline Sympathetic Tone Correlates to a Greater
Blood Pressure Change in the Cold Pressor Test
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The cold pressor test (CPT) involves acute hand or foot exposure to cold water. CPT hyper-responders have unique traits,

including risk of hypertension and a greater vasoconstrictor reserve and g force tolerance compared to hypo-respond-

Healthy volunteers (N = 30) submerged one hand into cold water (3.3 £ 0.8°C) for 5 min. Blood pressure, heart rate,

cardiac output, and cardiac parameters were recorded using an automated monitor, impedance cardiography, and a

sympathetic nervous system. Subjects were stratified post hoc into hyper-responders (= 22 mmHg) and hypo-responders

Hyper-responders had a significantly lower baseline heart rate (64 = 7 bpm), cardiac output (5.6 = 0.9 L - min~"), and

SaA (60 + 37 U-mL ") compared to hypo-responders (73 = 9 bpm, 6.9 + 1.3L-min~',165 + 122 U - mL™"). During the
cold immersion, hyper-responders had significantly higher systolic blood pressure (150 = 14 mmHg), diastolic blood
pressure (91 = 10 mmHg), mean arterial pressure (129 = 17 mmHg), and systemic vascular resistance (1780 = 640 dyn -

Baseline characteristics influenced by sympathetic tone such as SaA, heart rate, and cardiac output are indicative of
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ers. The purpose of this study was to uncover differences in cardiovascular and sympathetic biomarkers between
responder types.
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beat-to-beat monitoring system. We analyzed for salivary a-amylase (SaA), which is a convenient biomarker of the
(< 22 mmHg) based on change in systolic blood pressure during CPT.
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responses to CPT. Our data supports the use of baseline values to predict blood pressure response to acute cold
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he cold pressor test (CPT) is widely used in autonomic

nervous system and stress research, and it has prognos-

tic value for hypertension. The CPT is typically done by
immersing a single hand or foot in ice-cold water for several
minutes, which raises systolic blood pressure (SBP) and dia-
stolic blood pressure (DBP) to varying extents in people.*®
Healthy, normotensive individuals who hyper-respond to CPT,
defined by an increase in SBP of greater than 22 mmHg, have a
significantly higher risk of developing essential hypertension
later in life.”?**” The underlying differences between different
types of acute-cold responders are not fully understood. Know-
ing more about acute cold responses has relevance in the area of
performance testing in extreme cold environments when the
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goal is to predict how a person's blood pressure may respond to
cold exposure.'"*! The CPT has value in understanding gravita-
tional load (g force) tolerance in healthy young men. CPT
responses were greater in those with a high tolerance for
experimentally induced g force as compared to those with
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lower tolerance for g force, suggesting that this test can be used
in aerospace research.”> High g tolerance correlated to higher
vascular stiffness (less distensible arteries and arterioles in the
leg), which may account for extra vasoconstrictor reserve in the
CPT hyper-responder types.> One theory about acute cold
responses is that blood pressure changes are inversely related to
baseline sympathetic tone, which suggests that intrinsic differ-
ences in a person dictate response profiles.”?’ Sympathetic tone
has a baseline quality measured when a person is at rest, and an
evoked quality that reflects response to a stimulus. There are
many measures of sympathetic tone. A classic but simple and
reliable cardiovascular measure of baseline sympathetic tone is
heart rate (HR). However, HR frequently appears to be some-
what unaffected by CPT, most likely due to a baroreflex damp-
ening.' Other, more purely sympathetic intracardiac measures
of systolic interval timing (e.g., pre-ejection period; PEP) and
left ventricular functional capacity (e.g., left ventricular ejection
time; LVET) provide additional insight into sympathetically
mediated activity. Measures of PEP reflect the time during
which the heart generates electrical and mechanical energy,
which is shortened as a result of the sympathetic nervous
system.'? LVET can be influenced by HR and by the para-
sympathetic nervous system that lengthens LVET.® A non-
cardiovascular marker of sympathetic tone includes salivary
a-amylase (SaA), a digestive enzyme secreted mainly by the
parotid gland in response to autonomic nervous system out-
flow. SatA represents a convenient measure that reflects baseline
sympathetic tone and changes in sympathetic tone evoked by
physical and psychological stressors.' In this study, we present
some novel findings demonstrating that CPT hyper-responders
tended to have lower baseline values of S A, HR, and cardiac
output (CO) as compared to subjects who responded with a
lower pressor response. This data supports the hypothesis that
there is an inverse correlation between baseline measures of
sympathetic tone and the subsequent blood pressure response
to acute cold exposure.

METHODS

Subjects

This study was approved in advance by the Concordia Univer-
sity Human Research Ethics Committee (certificate 30004539),
and informed consent was obtained from the subjects before
the experiment. Health status and ethnicity was self-reported.
Subjects were excluded if their resting blood pressure or HR
was outside of normal range (SBP = 140 mmHg, DBP = 90
mmHg, HR = 50 bpm, HR = 100 bpm). In that case, the exper-
iment was stopped and the person was advised to see a doctor
or health services. Reported pregnancy, smoking, recreational
drugs, or medications that alter cardiovascular function were
exclusion factors. Menstrual cycle was reported by the female
subjects prior to their participation. Testing was scheduled dur-
ing the follicular phase of their menstrual cycle. Female subjects
were scheduled no later than 8 d after their last menstruation.
Subjects were asked to abstain from caffeine, exercise, and

alcohol consumption 12 h prior to participation, and to not eat
for at least 2 h before participation. We made an a priori deci-
sion to recruit subjects between 18-39 yrs. There were 32
healthy subjects (16 men and 16 women) who were initially
recruited by social media, e-mail, and informational flyers.
Data from two male subjects were excluded due to failure in
completing the test due to pain.

Equipment and Materials

The water bath was a cooler modified with freezer packs
attached to the sides to maintain the temperature near 4°C. An
automated blood pressure monitor (SunTech® Tango+; Mor-
risville, NC) was attached to the left bicep to measure SBP, DBP,
and HR. A continuous hemodynamic monitoring system
(Nexfin® beat-to-beat, Bmeye, Amsterdam, Netherlands) was
attached to the left finger and wrist to measure arterial pressure
in continuous waveform. Since the left hand was on the arm-
rest, a heart reference system was attached to zero the reference
value at heart level prior to recording. Values reported from
Nexfin included mean arterial pressure (MAP), systemic vascu-
lar resistance (SVR in dyn - s ™! - cm ™), and dP/dt, a measure of
left ventricle contractility. Continuous cardio-dynamic activity
was recorded with impedance cardiography using electrode
bands in full band configuration. The signals were recorded
using four disposable mylar band electrodes and an HIC-40001
impedance cardiograph and processed by the COP_WIN/HRV
software (HIC-4000I, Bio-Impedance, Chapel Hill, NC). The
first recording electrode was placed around the base of the neck
and the second was placed around the thorax at the level of the
xiphoid process. The current electrodes were placed at least
3 cm below and parallel to the recording electrodes. The distance
between the two recording electrodes in the front (parallel to
the sternum) and the back (parallel to the spine) was recorded
and averaged by the COP_WIN software. Impedance cardiog-
raphy is reliable and valid when compared against gold stan-
dard invasive methods such as thermodilution. Data was
collected continuously using 30-s ensemble averages and a
50-Hz filter. Values reported from impedance cardiography
included CO, stroke volume (SV), PEP, and LVET. A commer-
cially available SeA kinetic reaction immunoassay kit and pro-
tocol were used to measure enzyme activity (Salimetrics Inc.,
cat 1-1902, Carlsbad, CA). The colorimetric signal was detected
with a Biotek (Winooski, VT) plate reader with a 405-nm
filter.

Procedure

Measured temperature ranged from 1-4°C, with a mean value
of 3.3 = 0.8°C. A schematic of the testing time points is pre-
sented in Fig. 1. After 17 min of baseline recordings (with the
last 2 min taken to position the water bath), subjects then
immersed their right hand in a cold-water bath for 5 min. They
were instructed to submerge their hand to wrist level and to
avoid making a fist, and to not contact the freezer packs. Sub-
jects rated their pain during and after the CPT on a scale of 1 to
10 where 1 was no pain and 10 was the most painful experience
they ever felt. Testing was scheduled at 0930, 1130, 1330, or
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Fig. 1. Schematic of CPT protocol. Cardiovascular and hemodynamic measure-
ments were continuously monitored and data were collected, including saliva
samples, at the seven time points as described in the Methods section. Data
collected in the 2 min just prior to the hand-exposure (striped area) were not
included in the analysis.

1530. To ensure consistency, testing was done in a closed room
with an ambient temperature of 21-22°C. The automated blood
pressure monitor measurements were initiated manually 30 s
before the allocated time points. The continuous monitoring
(Nexfin and impedance cardiography) began before the actual
data collection period to allow the measures to stabilize before
recording. To measure saliva, subjects pooled saliva in their
mouths between their tongue and palate and were asked to not
make any chewing motions to avoid stimulating the secretion
of a-amylase. Collecting saliva passively is as effective as using
a salivette.! Saliva was sampled at seven time points, three
baseline measures in the first 15 min prior to the CPT, one in
the middle of the CPT (2.5 min of cold), the other within the
last 0.5 min of CPT (after 4.5-5 min of cold), and two samples
in the recovery period (Fig. 1). Approximately 0.5 ml of saliva
was collected from each time point. Saliva was collected using
sterile transfer pipettes, transferred to 1.5-ml microcentrifuge
tubes, weighed, and then divided into 20-pL aliquots to be fro-
zen at —20°C until analysis. Prior to analysis, samples were
thawed in batches and centrifuged at 3000 g for 15 min to pellet
any debris. In brief, the saliva samples and the a-amylase con-
trols provided in the kit were diluted and distributed on a
96-well plate in duplicate. The a-amylase substrate was pre-
heated at 37°C, added to the plate one row at a time, and ana-
lyzed at 1 min and 3 min. Time point 3 was subtracted from
time point 1 and multiplied by a dilution factor to get the activ-
ity measure in units per mL (U - mL ™). The expected mean and
absolute range as listed by manufacturer was 92.4 U - mL ™" and
3.1-423.1 U - mL™!, respectively.

Statistical Analysis

Suntech® Tango® and saliva data was collected at seven time
points (t,~t;; Fig. 1). The Nexfin® and impedance cardiography
produced continuous measures recorded at 30-s intervals,
which were averaged over the seven time points. Prior to analy-
sis, impedance cardiography data was manually cleaned by
adjusting the B-wave point using the B-cursor edit tool option
in the COP_WIN™ software. In some cases, misidentified peaks
had to have the B-point shifted manually to the beginning
point of the rapid upslope of the dZ/dt waveform, as it climbs to
reach the correct peak. The N-value was 30 for all measure-
ments, except impedance cardiography, where N = 27 due to 3
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failed recordings. The data was further averaged as followed: 1)
a single, baseline value was averaged from t,, t,, and t5; 2) a sin-
gle CPT value was obtained from two measurement time peri-
ods (t, and t;); and 3) a single recovery value was averaged from
te and t,. Graphs were created using GraphPad Prism, version
5.01 for Windows (Graphpad Software, Inc., 2007) and statis-
tics were done using SPSS (IBM Software, Armonk, NY). Lev-
ene's test was performed to determine if error variance of the
dependent variable was equal across groups. Univariate analysis
of variance was used with pairwise comparisons to evaluate
group and time differences. The significance level was consid-
ered as < 0.05 based on least significance difference adjust-
ment. Confounding variables were assessed as determined by
univariate analysis, including the variable as covariate.

RESULTS

There were 30 healthy (N = 16 women, 14 men), ethnically
diverse, normotensive people who completed a 5-min CPT ata
water temperature of 3.3 = 0.8°C. Demographic data are as fol-
lows: the subjects’ mean age was 24.7 = 4.9 yr (range 18-39),
weight 73.4 = 17.1 kg, height 170.1 = 8.9 cm, and BMI 25.2 *
4.6 kg - m™2. The cohort was stratified post hoc based on the
cutoff point of a change of 22 mmHg SBP suggested by Hines
and Brown.* Of the 30 subjects, 63% (N = 19) had a hypo-
responder phenotype (A SBP < 22 mmHg) and 37% (N = 11)
had a hyper-responder phenotype (A SBP = 22 mmHg). The
group pressor differences were not explained by the confound-
ing variables of water temperature, time of day the test was per-
formed, date of testing, reported pain perceptions, sex, age, or
BMI (data not shown).

We first compared the baseline values of the two responder
types. At baseline (prior to the CPT), there were no statistically
significant differences between hyper- and hypo-responders
with respect to SBP, DBP, MAP, or SVR (Fig. 2). However, there
were differences in baseline heart measures. Hyper-responders
had significantly lower baseline HR [F(1,84) = 6.55, P = 0.012]
and CO [F(1,75) = 6.70, P = 0.012] compared to hypo-
responders (Fig. 3A, B). Baseline SV, PEP, and LVET were the
same between responder types (Fig. 3C, D, E). With respect to
baseline SaA, there was a large range in the hypo- (47-610 U -
mL™") and hyper-responder groups (13-142 U - mL ™). Despite
this range dispersion, there was a significant mean differ-
ence between SaA in the groups at baseline [F(1,84) = 5.96,
P = 0.017] (Fig. 3F).

Next, the effect of CPT during the cold exposure and in the
recovery time afterwards was compared between the two
responder types. As expected, all subjects responded with a
sharp pressor response. Following the post hoc analysis,
hyper-responders displayed significantly higher reactivity of
SBP [F(1,84) = 12.5, P < 0.001], DBP [F(1,84) = 7.5, P =
0.007], MAP [F(1,81) = 17.9, P < 0.001], and SVR [F(1,81) =
10.9, P = 0.0014] than hypo-responders during CPT and
throughout recovery time (Fig. 2A-D). Despite the differences
that we observed in baseline values, neither HR, CO, nor SV
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Fig. 2. A) SBP, B) DBP, C) MAP and D) SVR values, averaged over the time at base-
line (ty—t3), during CPT (t, and t5), and in recovery (t; and t,). Subjects were strati-
fied post hoc into two groups based on ASBP (hypo < 22 mmHg; hyper =
22 mmHg). The mean data for baseline, during CPT, and in recovery are presented
for hypo-responders (white circles; N = 19) and hyper-responders (black triangles;
N = 11). Values represent mean = SEM. Significance (P = 0.05) denoted by:
*group by time interaction; 'within the group, baseline vs. CPT; fwithin the group,
CPT vs. recovery; and Swithin the group, baseline vs. recovery.

showed significant increase in response to the CPT (Fig. 3A,
B, C). The hypo-responders had significantly higher HR
[F(1,84) = 6.03, P = 0.016] during the recovery period and
higher CO during CPT [F(1,75) = 5.40, P = 0.023] and in
recovery [F(1,75) = 5.86, P = 0.018]. In the hypo-responder
group, intracardiac measures PEP and LVET did not change
during CPT or in recovery; however, in the hyper-responder
group, LVET was significantly longer during CPT [F(1,75) =
9.87, P = 0.002] and in recovery [F(1,75) = 5.79, P = 0.019]
(Fig. 3D, E). As was seen with the baseline values, SaA
remained significantly higher in the hypo-responder group
than the hyper-responders during the CPT [F(1,84) = 5.97,
P =0.017] and recovery [F(1,84) = 7.18, P = 0.009] (Fig. 3F).
Correlations between baseline values and CPT responses were
determined using linear regression. The line-of-best-fit plots
show significant inverse correlations between baseline Sa A
with ASBP, and baseline HR with ASBP (Fig. 4). Moreover,
Pearson's correlation was significant between baseline SaA
and ASBP (r = —0.455, P = 0.011), and baseline HR with
ASBP (r = —0.374, P = 0.042).

Since SaA represents a measure of sympathetic nervous sys-
tem responses which can be very rapid, we performed a more
detailed time course analysis on SaA to determine its onset
during CPT. Due to large variations in St A at baseline, data was
normalized to baseline for each subject and averaged for the
seven time points. Data was analyzed using a one-way ANOVA.
There was a significant time effect [F (6,203) = 5.04, P <
0.0001]. Using the Tukey's post hoc test, significant differences

were found between baseline and post-CPT values at t; (P <
0.01) and t, (P < 0.001). (Table I).

DISCUSSION

The CPT is an autonomic test developed initially by Hines and
Brown as a prognostic tool for hypertension with two distinct
groups reacting differently according to their pressor responses.*”
In those papers, the subjects who responded below the cut-off
point of 22 mmHg when immersing their hand in ice-cold water
were referred to as normal responders since they were less likely
to develop hypertension in the future.?® We chose to refer to sub-
jects who fell below the ASBP cutoff as hypo-responders as an
operational definition, since we had no information on whether
the subjects had a propensity to develop hypertension. Despite
the long-standing use of CPT as a prognostic tool for hyperten-
sion, the underlying differences between hyper-responders and
hypo-responders are not fully understood. We conducted a post
hoc analysis of the SBP data in a group of healthy subjects and
stratified the cohort into two groups based on a change of 22
mmHg SBP as the cutoft point. About two-thirds of subjects were
hypo-responders while one-third were hyper-responders, which
is a similar distribution seen in other studies.'****’ There was no
influence of age on the SBP response in our study since we
selected a priori people between 18-39 yr old and excluded
hypertensives based on blood pressure readings or past diagno-
sis. CPT responses have been shown to be stable throughout this
age range in people without hypertension, whereas after the age
of 40 the average responses can be higher due to people develop-
ing hypertension.” As expected, CPT hyper-responders also had
a greater change in DBP, MAP, and SVR as compared to hypo-
responders that was evident during CPT and in the recovery
period. Baseline blood pressure was equivalent in the two groups,
indicating that blood pressure differences are only apparent when
provoked by CPT. Additional important and novel information
was obtained during the immediate pretest, baseline time period.
Although baseline blood pressure responses were not different
between groups, there were distinct differences in baseline HR,
CO, and SaA, where these measures were higher in the hypo-
responders. Both elevated HR, CO, and SaA are indicative of
heightened baseline sympathetic response in this group. This
chronic elevation in sympathetic mediators (one cardiac and one
sympathetic biomarker) in hypo-responders is most interesting
and may have some predictive value in determining long-term
stress response adaptations. It appears that the hypo-responding
group has a greater resting sympathetic activity that may limit
their sympathetic drive during the CPT, since the group had a
significantly lower pressor response. There was a moderately
strong and significant relationship between baseline HR and
SaA and the change in SBP. Thus, baseline measures of sympa-
thetic activity may provide insight as to how people will respond
to acute stressors. During the CPT, we observed higher levels of
SBP, DBP, MAP, and SVR in hyper-responders without any sig-
nificant change in HR. The elevated blood pressure is thought to
be due to increased vascular resistance leading to higher SVR,
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Fig. 3. A) Continuous HR, B) CO, C) SV, and cardiac timing variables D) PEP, E) LVET, and F) SaA averaged at baseline,
during CPT, and in recovery. Subjects were stratified post hoc into two groups using SBP response during CPT as
described in Fig. 2. Hypo-responders (white circles) and hyper-responders (black triangles) values represent mean =
SEM. Significance (P < 0.05) denoted by: *group by time interaction; and fwithin the group, baseline vs. CPT.

rather than due to changes in HR that are inconsistent in CPT
studies."* One possible reason why HR does not change substan-
tially during CPT is that baroreflex sensitivity is capable of vagal
suppression of muscle sympathetic nerve activity while main-
taining baroreflex control over HR.! With respect to the
intracardiac measures, HR and CO were higher in the CPT
hypo-responders; however, this was mostly due to differences in
baseline values between the two groups. The only cardiac mea-
sure that changed significantly during CPT and recovery was
LVET, which was higher in the hyper-responder as compared
to the hypo-responder. The longer LVET suggests that a vagal
reflex was preventing an increase in HR as a response to the sharp
baroreflex-induced rise in MAP in hyper-responders.

We analyzed the enzyme activity of amylase in the saliva to
determine the sympathetic tone in a manner that was indepen-
dent of the hemodynamic and cardiac measurements. St A was
significantly higher in the recovery time when all data was
grouped together. The hyper-responders had a substantially
lower level of SaA than hypo-responders in samples taken at
baseline, during CPT, and in recovery. The hypo-responders
had a consistently higher concentration of SaA, which is in line
with a greater chronic sympathetic outflow. We also conducted
a nonbiased statistical approach that showed inverse correla-
tions between baseline S A and HR and the change in SBP. In a
smaller study, CPT hyper-responders had similar baseline HR
as compared to hypo-responders; however, a cutoff of 15 mmHg
was used to define hyper—responclers.13 Thus, the difference
between blood pressure cutoff values (15 vs. 22 mmHg) makes
it difficult to compare the datasets.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 89, No. 6

1107 Few studies have evaluated
100- the effect of CPT on SaA. Two
types of CPT, either bilateral feet

2 or single hand, produced a simi-
80 1 lar rise in SeeA immediately after
701 and in the recovery phase; how-
ever, the authors did not stratify

80 < < 4 their group based on hyper- and
:%’o\’@ ¢ 04‘4% hypo-responders.'® Another study
X qS'O did not see an increase in SaA
sampled immediately at the end

e * of alonger, 8-min CPT involving
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2007 idea that baseline values of HR
and SaA are inversely related
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context of the so-called 'law of

o : : initial values'. Perhaps better
\)@‘Q’ & 4@@ referred to as a theory put for-
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patients, the idea is that when an
initial baseline value is low, then
it is more likely to result in a
greater change during evoked
stimuli.?** One criticism of
Wilder's work was that statistical artifacts are created when
using a baseline value to calculate its change after stimulus.® In
fact, we did not observe correlations between baseline SBP
and change in SBP; rather it was baseline HR and SaA that
correlated to the change in SBP.

One issue relating to CPT responses is the potential con-
founding variable of sex. We did not find a significant sex effect
on change in BP or SaA after having controlled for menstrual
cycle stage. Thus, male and female responses were grouped
together in the final analysis. A previous study showed that
women doing a hand CPT did not have significant change in
SaA depending on time of day,'® and women had lower levels of
SaA before and after hand CPT as compared to men.?
Change in blood pressure was not significantly different between
girls and boys.’ The original work by Hines and Brown found
no difference between men and women in their blood pressure
changes during CPT.> That men and women responded in a
similar manner could be explained by the fact that we con-
trolled for menstrual cycle by rescheduling women who were in
the follicular phase of their menstrual cycle.

Saliva flow-rate is another issue to consider when inter-
preting SoA measures. Another research group found no cor-
relation between saliva flow rate and SaA in a continuous
monitoring mastication study, which argues against flow rate
being a confounding variable in SaA studies.!” Moreover, a
similar protocol involving an 8-min lower arm exposure did
significantly change the saliva flow rate.'” Thus, the increase in
SaA we detected is most likely due to activity of the sympa-
thetic nervous system.
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to more precise assessments. Those who may be more or less
responsive to a stress test may cope differently to challenging
aerospace environments. In this study, we interpret our dataset
as people with low sympathetic tone in a baseline state, but a
greater “sympathetic capacity” and vasoconstrictor reserve, will
therefore respond more profoundly to a cold stimulus in order
to mount an effective response. These conclusions increase our
understanding of human variations as it relates to reactions
in extreme environments and the propensity for developing
hypertension.
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