Eur J Appl Physiol (2014) 114:1779-1787
DOI 10.1007/s00421-014-2897-7

ORIGINAL ARTICLE

Impact of acute whole-body cold exposure with concurrent
isometric handgrip exercise on aortic pressure waveform

characteristics

Andrew P. Koutnik * Arturo Figueroa - Alexei Wong *
Katherine J. Ramirez - Michael J. Ormsbee -
Marcos A. Sanchez-Gonzalez

Received: 12 October 2013 / Accepted: 19 April 2014 / Published online: 22 May 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract

Purpose Adverse cardiovascular events are more preva-
lent during winter and in people that exercise/work in
cold temperatures. Since pulse wave analysis indices, aor-
tic systolic blood pressure (ASBP), augmentation index
(Alx), and wasted left ventricular pressure energy (AE,,),
are stronger predictors of cardiovascular events and myo-
cardial performance than brachial blood pressure (BP), we
sought to evaluate the aortic hemodynamic responses dur-
ing cold exposure with concurrent isometric handgrip exer-
cise (IHG).

Methods In a crossover randomized fashion, 20 healthy
normotensive men (22.1 + 2 years) were evaluated, by
means of radial applanation tonometry, inside an environ-
mental chamber in the supine position at cold (4 °C) and
temperate (24 °C) conditions. Following a 30-min equili-
bration period, measurements were performed during pre-
exercise baseline (REST), in the last 90 s of a 3-min IHG
at 30 % maximal voluntary contraction, and 3 min imme-
diately after the finalization of IHG bout (recovery, REC).
Results At REST, brachial systolic BP (BSBP)
(12 £ 2 mmHg; P < 0.01), ASBP (14 + 3 mmHg;
P < 0.01), AIx (11 £ 3 %; P < 0.05), and AE,
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(737 £ 128 dynes s/cm?;, P < 0.01) were higher in 4 °C
compared to 24 °C trial. Compared to REST, THG sig-
nificantly increased (P < 0.01) BSBP, ASBP, Alx, and
AEw, while BSBP and ASBP remained elevated during
REC (P < 0.01). Compared to REST and temperate, Alx
(11 £ 3 %) and AE,, (793 £ 145 dynes s/cm?; P < 0.01)
were higher during IHG and cold, while BSBP and ASBP
were elevated during REC and cold. Alx and AE,, returned
to REST values in both trials, but AIx (11 £ 4 %; P < 0.05)
and AE,, (656 & 132 dynes s/em?; P < 0.05) were higher in
the cold.

Conclusions Cold exposure with concurrent IHG induces
a significant increase in aortic hemodynamic markers,
which may evoke adverse cardiovascular events.

Keywords Wave reflection - Aortic hemodynamics -
Cold-induced pressor response - Handgrip isometric
exercise

Abbreviations

AE,, Wasted left ventricular pressure energy

ADBP Aortic diastolic blood pressure

Alx Aortic augmentation index

AIx@75 Aortic augmentation index adjusted to a heart

rate of 75 bpm
AMAP  Aortic mean arterial pressure
AP Augmented pressure

APP Aortic pulse pressure

ASBP Aortic systolic blood pressure
BDBP Brachial diastolic blood pressure
BMAP  Brachial mean arterial pressure
BMI Body mass index

BP Blood pressure
BPP Brachial pulse pressure
BSBP Brachial systolic blood pressure
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HR Heart rate

HG Isometric handgrip

LV Left ventricular

MVC Maximal voluntary contraction
P2 Second systolic peak pressure
P1 First systolic peak pressure

PP Pulse pressure

PWV Pulse wave velocity

REC Post-exercise recovery

REST Pre-exercise baseline

RPP Rate pressure product

SBP Systolic blood pressure

Tr Transit time of the reflected wave
Introduction

Converging evidence from epidemiological studies indi-
cates that the incidence of cardiovascular morbidity and
mortality reaches a peak during the winter months (Ana-
litis et al. 2008; Rocklov and Forsberg 2008). It has been
suggested that low environmental temperatures, typical of
the winter season, may induce increased cardiovascular
stress resulting in hypertension (Adamopoulos et al. 2010).
In addition, hypertension- and cardiovascular-related visits
to emergency rooms are more prevalent during cold spells
(Cheng and Su 2010), and in those individuals working
inside cold rooms (Kim et al. 2003). In fact, cold tempera-
tures per se have been implicated as a putative factor asso-
ciated with increased adverse cardiovascular events such as
angina, myocardial infarction, and stroke (Woodman et al.
2006; Reinhard et al. 2010; Wolf et al. 2009; Hong et al.
2003). However, the hemodynamic mechanisms that may
explain this association remain poorly understood.

Previous research has consistently documented the cold-
induced pressor response by means of different cold expo-
sure models such as the cold pressor test, cold air inhala-
tion, regional cooling, and whole-body exposure (Makinen
et al. 2008; Bokenes et al. 2004; Korhonen 2006; Edwards
et al. 2008b; Muller et al. 2011). This is worth noting
because interpretation of acute hemodynamic responses,
including cold-induced hypertension, between the differ-
ent cold exposure models may yield conflicting results.
Interestingly, the application of cold exposure in addition
to physical activities that may simulate physical activities,
such as snow shoveling and/or heavy lifting performed
inside cold rooms, may add to our understanding of how
the combination of exercise and cold may precipitate
adverse cardiovascular events. Since exercise with concur-
rent cold exposure imposes an additional cardiovascular
stress (Geleris et al. 2004), which may ultimately impair
central hemodynamics (Adamopoulos et al. 2010), the use
of isometric handgrip (IHG) exercise has been proposed as
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a valuable test for evaluating hemodynamic and autonomic
responses during cold stimulation (Makinen et al. 2008;
Geleris et al. 2004). It is worth mentioning that regional
cooling, such as cold pressor test, induces a higher pres-
sor response compared with whole-body cold exposure
(Korhonen 2006). For this reason, the application of whole-
body cold exposure may be a more appropriate model to
study the effects of cold with concurrent exercise.

Indices of pulse wave analysis, including aortic sys-
tolic blood pressure (ASBP), aortic augmentation index
(AIx; surrogate of wave reflection), and wasted left ven-
tricular (LV) pressure energy (AE,), are superior predic-
tors of cardiovascular events and cardiovascular disease
progression than brachial blood pressure (BP) (O’Rourke
and Adji 2005; Safar et al. 2008; Vlachopoulos et al. 2010).
Accordingly, increased Alx, a surrogate of wave reflec-
tion, has been associated with high rates of cardiovascular
morbidity and mortality (Vlachopoulos et al. 2010; Roman
et al. 2009) owing to an increased LV afterload and AEw
(Hashimoto et al. 2008). Consistent with this view, previ-
ous research has documented that local cooling and whole-
body cold exposure increase Alx and central BP to a greater
magnitude than brachial BP (Edwards et al. 2006; Hess
et al. 2009). These cold-induced increases in wave reflec-
tion have also been shown during cold pressor test with
concurrent IHG. For instance, Geleris et al. (2004) reported
a greater increase in AIx when performing IHG during cold
pressor test compared to either condition alone. Together
these studies suggest that evaluation of pulse wave analy-
sis during cold exposure with concurrent exercise may be a
more practical tool for detecting cardiovascular anomalies
that may be unnoticeable using brachial BP.

Accordingly, the aim of the present study was to evalu-
ate the aortic hemodynamic responses during cold expo-
sure with concurrent IHG exercise. We hypothesized that
the combination of cold exposure with IHG would evoke
a greater acute increase in peripheral and central BP, wave
reflection, and AEw than cold exposure or IHG alone. In
addition, we anticipated a greater increase in central BP
compared to peripheral BP in response to cold exposure.

Methods
Subjects

Twenty healthy men young adults (age 18-35 years) were
enrolled in this study. Males were selected for study inclu-
sion to eliminate the potential effect of gender on the study
variables. Subjects were nonsmokers and were not regu-
lar exercisers (<120 min per week) 6 months prior to the
study. Subjects were excluded from the study if they had
BP > 140/90 mmHg, chronic diseases, taking medications
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(e.g., beta blockers, antidepressants, and stimulants) and/
or nutritional supplements (e.g., L-citrulline, L-arginine,
and Creatine) that would influence our outcome variables.
All participants were recruited from a university sample
and gave their written consent prior to the experiments
as approved by The Florida State University institutional
review board. This study was part of the experimental pro-
cedures that comprised clinical trial NCT01462591.

Study design and experimental protocol

This study was undertaken in Tallahassee, FL, USA
(30.46 N, 84.28 W) between the months of June and August
(mean temperature 29.5 °C). In a crossover randomized
design, cardiovascular functioning of eligible subjects was
evaluated inside an environmental chamber (Heinicke HU
682 Lancaster, PA, USA) either at cold (4 °C) or temper-
ate (24 °C) environmental conditions with humidity set at
65 % and air velocity of <0.5 m/s for both trials.

Height and weight were assessed during the familiariza-
tion day. The maximal voluntary contraction (MVC) of the
dominant arm was measured by having subjects squeeze
a Lafayette hand dynamometer model 78010 (Lafayette
Instrument Company, Indiana, USA) for 3 s using the best
of three attempts separated by 1 min. The MVC was used to
calculate their individual 30 % for the experimental protocol.

Trials

The hemodynamic responses to cold or temperate with
concurrent THG exercise were evaluated on 2 separate
days at least 48 h apart. The experiments were conducted
in the afternoon hours at the same time (£1 h) and in a
fasted state (>4 h) to avoid potential circadian and/or food
ingestion influences on BP and vascular reactivity. Subjects
were instructed to enter in an environmental chamber and
rest in the supine position on an air filled mattress, wearing
shorts and t-shirt, for 30 min of temperature equilibration.
Thereafter, cardiovascular measurements were performed,
in duplicates and averaged, during the last 90 s of a 5-min
pre-exercise baseline (REST), the last 90 s of a 3 min IHG
at 30 %MVC, and the last 90 s of 3 min immediately after
the finalization of IHG bout (post IHG recovery, REC). The
subjects were exposed for a total of 41 min to both environ-
mental conditions. The rationale for allowing 30 min equi-
libration time was based on a prior study showing that this
time evokes an increase in aortic systolic blood pressure
(Edwards et al. 2006).

Anthropometrics

Height was measured using a stadiometer to the nearest
0.5 cm, and body weight was measured using a SECA scale

(Sunbeam Products Inc., Boca Raton, FL., USA) to the
nearest 0.1 kg. Body mass index (BMI) was calculated as
kg/m?. The subject characteristics age, height, weight, and
BMI were 22.1 + 2 years, 1.77 £ 0.01 m, 84.7 & 3.12 kg,
and 27.1 £ 1.0 kg/m?, respectively.

Cardiovascular measurements

Brachial BP was recorded using an automated oscillomet-
ric device (HEM-705CP; Omron healthcare, Vernon hill,
Illinois, USA) in the non-dominant arm. Brachial systolic
BP (BSBP) and diastolic BP (BDBP) were used to cali-
brate radial waveforms obtained from a 10-s epoch using
a high-fidelity tonometer (SPT-301B; Millar instruments,
Houston, TX, USA) also in the non-dominant arm. Aortic
BP waveforms were derived using a validated generalized
transfer function (SphygmoCor, AtCor Medical, Sydney,
Australia) (Chen et al. 1997; Gallagher et al. 2004). The
aortic BP wave comprises a forward wave (P1), caused
by stroke volume ejection, and a reflected wave (P2) that
returns to the aorta from peripheral sites (Nichols and
O’Rourke 1998). The Alx is defined as the augmented
pressure (AP = P2—P1) expressed as a percentage of the
aortic pulse pressure (APP). Transit time of the reflected
wave (Tr) indicates the round-trip travel of the forward
wave to the peripheral reflecting sites and back to the
aorta. Since there is an inverse relationship between Alx
and heart rate (HR), it was automatically adjusted by the
software at 75 bpm (AIx@75) (Wilkinson et al. 2002). HR
was obtained from the time between pulse waveforms. The
AE, was calculated as 1.333 x AP [ventricular ejection
duration (ED)—Tr] x m/4, where 1.333 is the conversion
factor for mm Hg/s to dynes s/cm’. The AE,, is consid-
ered an estimate of additional workload generated by the
myocardium to overcome increased ASBP and wave reflec-
tion indicative of ventricular work and myocardial oxygen
demand (Hashimoto et al. 2008; Casey et al. 2008b).

Statistical analysis

A repeated-measures analysis of variance (ANOVA) with
Bonferoni’s adjustment was used to test the effects of tem-
perature (4 versus 24 °C) and condition (REST versus IHG
versus REC) for all cardiovascular parameters. Significant
main effects of the repeated-measures ANOVA were fol-
lowed up with simple effects test via univariate contrasts.
The difference between the peripheral and central sys-
tolic BP response to cold exposure at REST was analyzed
using Student’s ¢ test. Statistical significance was accepted
at P < 0.05. All statistical analyses were performed using
SPSS Version 19 (SPSS, Inc., Chicago, IL, USA). Since
our primary outcome variable is aortic SBP a priori power
calculation determined that 16 subjects would enable to
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observe a difference of 3-5 % between the trials (cold ver-
sus temperate) with a power of 80 %.

Results

All data are presented as mean £ SE. Figure 1 shows
examples of typical radial and aortic BP waveforms at 24
and 4 °C trials, respectively. Data showing peripheral and
central hemodynamics at REST, IHG and during REC are
shown in Table 1.

Effects of cold environmental conditions on cardiovascular
variables at rest

Compared with 24 °C, BSBP, BDBP, brachial mean
arterial pressure (BMAP), ASBP (Fig. 2a), aortic dias-
tolic BP (ADBP; Fig. 2b), and aortic mean arterial pres-
sure (AMAP; Fig. 2c¢) were higher (P < 0.01) at REST
in the 4 °C trial. Indices of pulse wave analysis, AP, Alx
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(P < 0.05), AIx@75 (P < 0.05), P1, P2, and AE,, were
higher (P < 0.01) whereas Tr and ED were lower (P < 0.01)
in the 4 °C compared with the 24 °C trial. Brachial pulse
pressure (BPP), aortic pulse pressure (APP; Fig. 2d), and
HR were not different at REST between the trials. The
magnitude of the cold-induced change (4 versus 24 °C) in
ASBP (24.0 &+ 1.7 mmHg) was greater (P < 0.01) than the
change in BSBP (19.3 £ 1.9 mmHg).

Effects of cold environmental conditions on cardiovascular
variables during exercise

During IHG there were significant increases (P < 0.01)
in HR, BSBP, BDBP, BMAP (P < 0.05), ASBP (Fig. 2a),
ADBP (P < 0.05; Fig. 2b), AMAP (Fig. 2c), AP, Alx,
Alx@75 (P < 0.05), P1, P2, and AEw whereas Tr and ED
decreased (P < 0.01) compared with REST in both trials.
However, compared to the 24 °C trial, AP, Alx (Fig. 3a),
AIx@75 (P < 0.05), and AE, (Fig. 3c) were higher
(P <0.01) at 4 °C during IHG, whereas Tr (Fig. 3b) and
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Table 1 Summarizes hemodynamics and selected indices of pulse wave analysis at pre-exercise baseline, during isometric handgrip exercise,
and post-exercise recovery in cold (4 °C) versus temperate (24 °C) trials (n = 20)

Variable 4°C 24 °C

REST HG REC REST IHG REC
HR (bpm) 65+3 75 4 2% 62+3 61 +3 74 & 3% 5843
BSBP (mmHg) 128 +£2 147 + 4 13343 116 + 2% 147 4 5%% 122 4 15#
BDBP (mmHg) 7342 90 + 4%+ 81 4 2% 59 + 3% 86 & 4%+ 64 & 2*
BMAP (mmHg) 90+ 2 110 & 3%+ 98 + 2% 75 + 3F 107 & 4% 81 + 2%
BPP (mmHg) 5542 5843 51 4 3% 57+3 60+5 5842
ASBP (mmHg) 109 +2 132 4 3o 116 £2 95 4 3% 127 + 4 101 £ 2
ADBP (mmHg) 7342 9] &+ 4% 82 + 2% 60 +* 88 + 4 64 + 2F
AMAP (mmHg) 90 +2 110 + 3% 98 4 2% 75 + 3% 107 + 4% 81 + 2%
APP (mmHg) 35+1 42 4 3% 34 + 2% 35+1 40+ 3 36 + 1
AP (mmHg) 441 10 £ 1% 6+1 o+1f 6 + 3% 2417
PP amplification 1.57 £ 0.05 1.40 4 0.03%* 1.50 £ 0.05 1.63 & 0.04 1.52 £ 0.05%* 1.61 £ 0.04
Alx (%) 11+3 24 4 2% 17+3 0+ 3f 15 4 3Huex 6 + 3"
AIx@75 (%) 5+3 23 + 2% 11+3 —7+ 4" 15 4 2= —1+3f
P1 (mmHg) 104 +2 123 4 3% 111+2 93 + 2% 122 + 4 98 + 5%
P2 (mmHg) 109 +2 132 4 3 116 +£2 93 + 2F 127 + 4 100 + 2%
Tr (ms) 13942 134 = 2% 136 & 2% 162 + 5% 145 4 3% 152 + 4*
AE,, (dynes s/cm?) 755 + 175 1,787 + 167%* 1,096 + 143 15 + 147* 998 + 1374 449 + 184"
ED (ms) 314 +3 305 + 4 320 + 4% 332 + 3% 315 + 37+ 32947

Data are mean + SE

REST pre-exercise baseline, IHG isometric handgrip exercise, REC post-exercise recovery, HR heart rate, BSBP brachial systolic blood pressure,
BDBP brachial diastolic blood pressure, BMAP brachial mean arterial pressure, BPP brachial pulse pressure, ASBP aortic systolic blood pres-
sure, ADBP aortic diastolic blood pressure, AMAP aortic mean arterial pressure, APP aortic pulse pressure, AP augmentation pressure, Alx aug-
mentation index, AIx@75 augmentation index adjusted at heart rate of 75 bpm, P/ first systolic peak pressure, P2 second systolic peak pressure,
Tr reflection time, AE,, wasted left ventricular energy, ED systolic ejection duration

* P <0.05, ** P <0.01 different than REST
T P<0.05, ¥ P <0.01 different than cold (4 °C)

ED were lower (P < 0.01), at 4 °C compared to the 24 °C Discussion
trial, during IHG exercise.
We sought to evaluate the acute aortic hemodynamic

Effects of cold environmental conditions on cardiovascular responses to IHG during whole-body cold exposure and

variables during post-exercise recovery

Compared with REST, BSBP, BDBP, BMAP, ASBP,
ADBP, AMAP, P1, and P2 remained elevated (P < 0.01) in
the 24 °C trial only during REC. When comparing these
same variables between 4 and 24 °C, all variables were
higher (P < 0.01) in the 4 °C compared to the 24 °C. Indi-
ces of pulse wave analysis, AP, Alx, AIx@75, AE,, and
Tr, returned to REST values during the REC period in
both trials. However at 4 °C, AP, Alx, AIx@75, and AEw
were higher (P < 0.05) while Tr was lower (P < 0.01)
when compared with the 24 °C trial. During REC, ED
returned to the REST level in the 24 °C trial, but remained
increased in the 4 °C trial. During REC, HR fully recov-
ered in both trials.

thermoneutral environmental conditions. The main find-
ings of the present study are the following (i) cold exposure
increases both peripheral and central BP, but as opposed
to our hypothesis the BP during THG is similar between
24 and 4 °C, and (ii) cold exposure with concurrent IHG
evokes a significant increase in Alx and AE,, when com-
pared with IHG at 24 °C. Our findings suggest that cold
exposure imposes an additional increase in myocardial
work at rest and during exercise that may ultimately evoke
adverse cardiovascular events. Pulse wave analysis could
provide a better understanding of the potential adverse
effects of cold exposure during physical activity.

Our results are in agreement with those of Edwards
et al. (2006) that showed greater changes in central systolic
blood pressure (SBP) (~13 %) compared to the changes in
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Fig. 2 Aortic blood pressure A C
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peripheral SBP (~3 %) after whole-body cold exposure sug-
gesting that peripheral vasoconstriction, and its profound
effect on central pressure pulse wave characteristics, may
not be effectively detected by brachial BP measurements
alone. The low sensitivity of peripheral BP measurements
to detect central BP changes in response to stressors might
be associated to the fact that during cold exposure ASBP is
mostly determined by reflected wave pressure (P2) whereas
BSBP is more dependent on incident wave pressure (P1)
(Takazawa et al. 1995; Edwards et al. 2006). In the pre-
sent study, both aortic P1 and P2 were higher at REST and
REC during the 4 °C trial compared to the 24 °C. However,
in 4 °C, P2 was higher than P1 suggesting that the cold-
induced pressor response is more dependent upon periph-
eral arteriolar vasoconstriction rather than to central arte-
rial stiffening per se (Nichols 2005; Edwards et al. 2006).
This phenomenon could be attributed to the fact that central
arteries have smaller quantity of smooth muscle fibers and
lower sympathetic innervation than muscular and resist-
ance vessels and therefore arteriolar vasoconstriction may
be more relevant contributor of wave reflection in the con-
text of whole-body cold exposure (Kienecker and Knoche
1978).

The exact underlying hemodynamic mechanisms that
may explain how cold exposure and exercise increase the
likelihood of cardiovascular events are poorly understood.
However, an increased pressor response and impaired
cardiovagal reactivation resulting from exercising in a
cold environment appear to be pivotal contributing fac-
tors (Sanchez-Gonzalez and Figueroa 2013; Mercer et al.
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1999). In accordance with Figueroa et al. (2010a) and
Edwards et al. (2008a), we showed that an acute bout of
IHG increases HR (~12 bpm), BSBP (~20 mmHg), and
ASBP (~28 mmHg) in 24 °C conditions. Nevertheless, the
exercise pressor response during cold exposure was not
higher than those during temperate conditions. Previous
studies have demonstrated an exaggerated pressor exercise
response (peripheral pressure) when performing ITHG dur-
ing cold pressor test (Geleris et al. 2004; Peikert and Smo-
lander 1991). However, this is not a universal finding since
other studies have failed to show the additive effect of cold
exposure on the exercise pressor response (Makinen et al.
2008; Kahn et al. 1993; Muller et al. 2011). Nevertheless,
we found that APP, but not BPP, was increased during IHG
only in the cold condition. This finding is in accordance
with prior studies that reported a higher increase in central
pulse pressure (APP) than peripheral PP in young healthy
adults during cold exposure (Casey et al. 2008a; Edwards
et al. 2006). This differential response to exercise in cold
temperature is important since increased central pressures,
and more importantly APP, are associated with adverse car-
diovascular events (Roman et al. 2007, 2009). Our findings
suggest that the concurrent effects of IHG and cold expo-
sure are more influential on arterial stiffening than BP.

In the present study, we have demonstrated that cold
exposure with concurrent THG increases the Alx to a
greater magnitude than IHG in temperate conditions. Our
results are somewhat in agreement with those of Geleris
et al. (2004) that showed the additive effects of cold with
concurrent IHG on the aortic Alx and pulse wave velocity
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Fig. 3 A comparison of pulse wave analysis parameters during
isometric handgrip exercise between the cold (4 °C) and temperate
(24 °C) trials (n = 20). Data are mean £ SE. a AIx augmentation
index; b Tr reflection time; ¢ AEy wasted left ventricular energy.
*P < 0.01 different than temperate (24 °C)

(PWYV, gold standard measure of arterial stiffness). How-
ever, we used whole-body cold exposure as opposed to
cold pressor test to examine this response and hence we
avoided potential effects of pain on the exercise pressor
response to IHG. In addition, the Tr was reduced and APP
was increased in the cold trial during the performance of
IHG, to a greater extent than in the 24 °C trial, suggest-
ing an additive effect on aortic stiffness. Interestingly, we
observed a significant difference in wave reflection (Alx,

AP) and estimated aortic stiffness (Tr, APP) during IHG
between the trials in the absence of a significant differences
in BP and HR. It is known that increased HR or reduced LV
ED can reduce Alx (Wilkinson et al. 2002). However, cold
exposure increases Alx due to faster wave reflection despite
a small reduction in ED (Casey et al. 2008a), indicating that
Tr is a rather more important determinant of Alx than ED.
Therefore, during cold exposure with concurrent IHG exer-
cise the responses in Alx are more likely to be driven by the
timing (Tr) rather than the amplitude (P2) of the reflected
wave, HR or ED. Interestingly, cold exposure increases
peripheral arterial stiffness, but it does not increase central
PWYV suggesting a peripheral-mediated arterial tree stiff-
ness (King et al. 2013). It could be that when performed
concurrently IHG and cold exposure impact aortic stiffness
to a greater extent than either condition alone and hence
would explain higher Alx, Tr, and AE,, in the cold trial
than the temperate trial during THG.

In the present study, we used AE,, to estimate myocar-
dial oxygen demand since this is a factor less influenced
by peripheral BP and/or HR. The AE, has been shown to
increase in response to the cold pressor test (Casey et al.
2008a). Despite displaying similar responses in BP and HR
during exercise between the trials, we observed that AEw
was increased with IHG in cold to a greater magnitude
than IHG in temperate conditions. This is a novel finding
because we demonstrated that IHG increases AE,, which
is further amplified during cold exposure. These results
suggest that cold exposure with concurrent IHG increases
myocardial work more than either cold or IHG alone even
in the absence of detectable changes in peripheral or cen-
tral rate pressure product (RPP). Therefore, AE, may be
an additional measure to detect the effects of cold exposure
with concurrent exercise on myocardial performance that
may compliment peripheral BP, HR or RPP measurements.

The potential mechanisms that may explain increased
aortic hemodynamic indices during whole-body cold
exposure with concurrent exercise may be associated with
sympathetic-mediated peripheral vasoconstriction and
wave reflection. Previously, we have shown an associa-
tion among IHG, cold exposure, and impaired cardiovagal
modulation (Sanchez-Gonzalez and Figueroa 2013). Since
the hemodynamic cardiovascular responses to IHG during
cold exposure are driven by increased adrenergic stimula-
tion (Makinen et al. 2008) and untimely increased smooth
muscle vascular tone, this effect would have significantly
impacted P2 more than P1 resulting in a greater increase
in AP. In addition, sympathetic-mediated vasoconstriction
induces a faster return of the reflected wave® (reduced Tr)
from peripheral arteries to the aorta and its fusion with the
forward wave during late systole increases APP and Alx
during IHG and cold pressor test (Figueroa et al. 2010a, b;
Lydakis et al. 2008; Casey et al. 2008a).
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We recognize that the present study has some limita-
tions including limited sample size, only male participants
were recruited, the lack of endothelial function and direct
arterial stiffness measurements, and the absence of skin
and core temperature measurements. Applanation tonom-
etry of peripheral arteries could hinder potential effects
of cold exposure with concurrent exercise owing to vaso-
constriction. We used Tr in our measurements which may
not be an accurate measure of estimated arterial stiffness.
Our study evaluated cardiovascular function in healthy
young adults and hence we cannot generalize our results
to other populations. Our study was not aimed to unveil
the mechanisms that explain impaired aortic hemodynam-
ics during cold exposure but rather to identify and define
the responses.

In conclusion, whole-body cold exposure with concur-
rent IHG induces a significant increase in cardiovascu-
lar stress that is more pronounced when markers of aortic
hemodynamics are measured. Our results demonstrate that
the effects of increased wave reflection and myocardial
demand during cold exposure with concurrent exercise may
lead to exacerbation of adverse cardiovascular events. Fur-
ther research is warranted to evaluate aortic hemodynamics
during cold exposure with concurrent exercise in popula-
tions at increased cardiovascular risk.
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