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ABSTRACT

Both acute and prolonged cold exposure affect cardiovascular responses, which may be modified by
an underlying cardiovascular disease. In addition, exercise in a cold environment increases
cardiovascular strain further, but its effects among persons with cardiovascular diseases are not well
known. Controlled studies employing whole-body or local cold exposure demonstrate comparable
or augmented increase in cardiac workload, but aggravated cutaneous vasoconstriction in persons
with mild hypertension. A strong sympathetic stimulation of a cold pressor test, increases cardiac
workload in persons with coronary artery disease (CAD), but does not markedly differ from those
with less severe disease or healthy. However, cold exposure reduces myocardial oxygen supply in
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CAD, which may lead to ischemia. Exercise in cold often augments cardiac workload in persons with
oxygen supply

CAD more than when performed in thermoneutral conditions. At the same time, reduced
myocardial perfusion may lead to earlier ischemia, angina and impaired performance. Also having a
heart failure deteriorates submaximal and maximal performance in the cold. Antianginal medication
is beneficial in the cold in lowering blood pressure, but does not affect the magnitude of cold-
related cardiovascular responses in hypertension. Similarly, the use of blood pressure lowering
medication improves exercise performance in cold both among persons with CAD and heart failure.
Both the acute and seasonal effects of cold and added with exercise may contribute to the higher
morbidity and mortality of those with cardiovascular diseases. Yet, more controlled studies for
understanding the pathophysiological mechanisms behind the adverse cold-related health effects
are warranted.

Abbreviations: Alx: Augmentation index; BRS: Baroreflex sensitivity; CPT: Cold pressor test;
CHF: Congestive/chronic heart failure; CAD: Coronary artery disease; CBF: Coronary blood flow;
DBP: Diastolic blood pressure; HR: Heart rate; HTN: Hypertension; MBF: Myocardial blood flow;
RPP: Rate pressure product; SCD: Sudden cardiac death; SBP: Systolic blood pressure;
TN: Thermoneutral

Introduction deaths (SCD) [2,4,6,8]. Both global [9] and national
[10,11] studies have shown that cold-related mortality
outnumber the harmful effects of heat. In contrast with

the general misconception that adverse health outcomes

Globally a higher occurrence of cardiovascular mor-
bidity and mortality during the cold season [1-4], or
in association with prolonged periods of unusually
low temperatures (cold spells) have been documented
[5,6]. The adverse cold-related health effects are often
related to cardiovascular causes. Hence, wintertime is
associated with a higher amount of cardiac symptoms
(angina, arrhythmias or dyspnoea) [7] and health events
such as hypertensive crisis, deep venous thrombosis,
pulmonary embolism, aortic ruptures/dissection, stroke,
intracerebral hemorrhage, heart failure (HF), atrial
fibrillation, ventricular arrhythmias, angina pectoris,
acute myocardial infarctions (AMI) and sudden cardiac

are mainly observed with cold extremes, the majority of
the temperature-related mortality occurs already at
milder non-optimal temperatures [9].

Either acute lowering of temperature, or its seasonal
effects increases cardiovascular strain in healthy per-
sons through physiological responses targeted to
maintain heat balance. However, these may be aggra-
vated in persons with cardiovascular diseases involv-
ing altered nervous system, cardiac and circulatory

function [2]. Both cold exposure and exercise
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separately augment cardiovascular strain. Studies from
healthy persons suggest that cardiovascular responses
are further potentiated during exercise in a cold com-
pared with a warm environment [12]. Having a car-
diovascular disease may further aggravate these
responses, but has not been comprehensively studied.
The higher cardiovascular strain while exercising in
the cold may contribute to the adverse health events
among those with cardiovascular diseases [13,14]. For
example, sudden or intense exercise, such as snow
shoveling [15-18] or winter sports [19] increase the
risk of AMT’s. Previous controlled research examining
the acute effects of cold alone, and in combination
with exercise, among persons with cardiovascular dis-
eases are scant.

The current review summarizes the available evi-
dence from controlled studies investigating the single
and combined effects of cold and exercise on cardio-
vascular responses among persons with cardiovascular
diseases. The included studies fulfil the criteria of
being a controlled study, involve patients having
hypertension (HTN), coronary artery disease (CAD)
and heart failure (HF), include some form of exercise
(dynamic, isometric) and apply different types of cold
exposure (whole-body, local). Results from studies
employing the cold pressor test (CPT) are also pre-
sented in comparison to other cold stimuli that elicit
thermoregulatory responses. Finally, the aim is also to
present possible connections to epidemiological stud-
ies demonstrating higher wintertime cardiovascular
morbidity and mortality.

Acute effects of cold on cardiovascular responses in
healthy persons

The type of exposure humans are subjected to include
cold air with our without wind, immersion in water,
or contact with cold objects. The fundamental factors
affecting body heat loss and cardiovascular responses
in cold are the exposure itself (type and intensity), the
employed physical activity and protection through
clothing insulation. In addition, various individual
factors, such as ageing, hydration and nutrition status,
anthropometry, body composition, previous adapta-
tion, fitness, health status and used medication con-
tributes to the acute responses [20]. Depending on the
type of exposure, different forms of cooling occur,
which may include whole-body cooling of skin (cold
chamber experiments, water-perfusion suits), deeper

body areas, or be restricted locally to the facial region
(e.g. external application of cold to the front head),
hands (cold pressor test) or the respiratory tract (e.g.
inhalation of cold air while exercising in the cold).
Accordingly, varying cardiovascular responses occur
and which are presented below in brief concerning
with healthy persons.

Blood pressure

Lowering of skin temperature during cold exposure
elicits a reflex activation of sympathetically mediated
vasoconstriction [21,22]. This
adjustments mediated by increased sympathetic nerve
activity [23] and which results in vasoconstriction of
both the peripheral and visceral arteries [24]. Vaso-
constriction occurs both in response to reflex and local
cooling of skin, as well as a decrease in core tempera-

causes vasomotor

ture [20]. As a result of the higher peripheral resis-
tance systolic (SBP) and diastolic (DBP) blood
pressure increase. This occurs with skin cooling
involving the whole-body [25-28], face [29-31], local
skin areas [27], whole-body cooling excluding the
head [32,33], as well as cold air inhalation [34]. These
previous studies have demonstrated increases of 5-
30 mmHg in SBP and 5-15 mmHg in DBP.

In addition to brachial BP also the non-invasively
assessed central aortic BP increases with facial [35,36],
skin cooling [32], or whole-body cold exposure [37].
The increase is either comparable [32] or higher
[35,37] than the brachial BP response. Ageing results
in a greater pressor response towards skin surface
cooling and may be mediated by increased levels of
central arterial stiffness [32]. The studies assessing
central hemodynamics have also reported a robust
increase in augmentation index (Alx), an index of
arterial stiffness and wave reflection [32,35,38]. In
addition, pulse wave velocity, another index of arterial
stiffness, increase with whole-body skin or facial cool-
ing [32,37] and especially with aging [32].

Heart rate

Heart rate (HR) responses depend on the type of cold
exposure, but are not generally altered much with
whole-body cold exposure [39]. Only with the cold
pressor test [27,34,40,41] or cold air inhalation [34] is
an increase in HR observed which is related to strong
activation of the sympathetic nervous system. How-
ever, with whole body cooling of skin in cold air or
water, and depending on whether the face is exposed



or not, a parallel activation of both the sympathetic
and parasympathetic nerve branches may occur.
Hence, whole-body skin cooling including facial expo-
sure results in either decreased [25,27,28,38,42,43] or
unaltered [24,26,44,45] HR. Also skin surface cooling
without facial cold exposure demonstrated either
reduced [46,47] or no effect on HR [32,33]. Applica-
tion of cold to the face (ice-packs), on the other hand,
stimulates the trigeminal nerve and evokes a non-bar-
oreflex mediated vagal response resembling the diving
reflex [29]. Hence, many experimental studies apply-
ing facial cooling report reduced HR [25,27,29-
31,48,49].

Myocardial work and oxygen supply

Whole-body cold exposure at rest increase both cardiac
pre- and afterload, but with no marked changes on ino-
tropy (ventricular contractibility), HR or cardiac output
[39]. Furthermore, greater increases in preload and after-
load during cooling in older adults contribute to a more
considerable increase in the indices of myocardial oxy-
gen demand [46]. The rate pressure product (RPP) is the
double product of SBP and HR and considered a surro-
gate marker for myocardial oxygen demand [13]. Studies
involving simultaneous increases in SBP and HR, such as
with the cold pressor test [41,50,51] or cold air inhalation
[34] show higher RPP as a result of cold stimulation.
Also, increased SBP with marginally altered HR may
slightly increase myocardial oxygen demand during
whole body cold exposure [38] and which is further ele-
vated with ageing [46].

As a result of the higher myocardial oxygen demand,
it would be expected to observe an increase in coronary
blood flow (CBF) in response to cold [13]. This autore-
gulation ensures maintaining coronary blood flow at
steady state. In fact, the sympathetically driven vasodila-
tion of coronary resistance vessels results in increased
myocardial blood flow in response to a cold pressor test
[41,52-55]. Especially the structurally and functionally
normal coronary arteries dilate in response to this stim-
ulus [55]. In contrast, cold air inhalation impairs the
coronary supply-to-demand ratio compared with inha-
lation of neutral temperature air in healthy persons
[34,50]. The combined effects of cold air inhalation and
isometric exercise further potentiates RPP and results in
less coronary hyperemia [34,50]. It is suggested that in
healthy persons cold exposure and isometric exercise
influence efferent control of coronary blood flow. In
addition, B-adrenergic vasodilation exerts a significant
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role in coronary regulation when the myocardial oxygen
demand is increased [56].

Cardiovascular responses and cold exposure in
persons with cardiovascular diseases

Despite of a wealth of evidence demonstrating a link
between low ambient temperature and adverse cardio-
vascular health effects, and this association being espe-
cially strong among those with cardiovascular diseases
[2], there are only few controlled studies, which exam-
ine the possible pathophysiological responses. In this
context, evidence is available concerning with hyper-
tension, coronary artery disease and one study of heart
failure patients (Table 1). A large share of these have
used the cold pressor test for cardiovascular stimula-
tion [40,51,55,57-60]. The reminder of the research
included whole-body (with or without facial exposure)
skin cooling [38,42,43,61-65], local cooling of skin
[66] or face [36], cold water immersion in association
with sauna bathing [67], or brief intense whole-body
cold exposures (cryostimulation) [68,69]. In the
majority, but not all [36,40,62,63,65,70] of the studies
cardiovascular responses were compared with healthy
controls. Studies examining the effect of medication
on cold-related responses  often
included only a patient group receiving different treat-

cardiovascular

ments. The majority of the studied subjects with car-
diovascular diseases were middle-aged (mean ca.
50 yrs.), but a few studies examined early disease
development and also involved younger (20-35 yrs.)
subjects [57,59,63,65,71].

Hypertension

Hypertension appears globally and the age-standardized
prevalence of raised BP was 24% of men and 20% of
women [72]. The major pathophysiologic mechanism
includes changes in renal (e.g. excess sodium intake),
neural (e.g. sympathetic over activity), vascular (endo-
thelial dysfunction, vascular remodeling) and hormonal
(activation of the renin-angiontensin-aldosterone sys-
tem, RAAS) function [73]. The consequences of hyper-
tension may include both subtle end-organ damage, as
well as serious events, such as stroke, MI, renal failure
and dementia. Both the acute cold-induced rise and sus-
tained higher BP during the cold season could further
modify cardiovascular dysregulation of hypertension
and increase the risk of cold-related cardiovascular
events [4,74] (Figure 1).
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. < Factors modifying CV =~~~
responses AN

age, gender, anthropometry, |

fitness, medication, disease ,’

‘\ progression, comorbidity . *
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Possible cardiovascular outcomes
in cold at rest or exercise

Increased BP — rupture —
hemorrhage — SCD

Increased myocardial O, demand —
ischaemia — MI, SCD

Autonomic conflict — arrhythmia —
Ml, SCD

ECG anomalies — arrhythmia —
Ml, SCD

Higher aortic stiffness — aggravated
BP response — rupture —
hemorrhage, SCD

Thrombus formation — M, stroke,
SCD

Higher amount of coagulation
factors — formation of plaque —
ischemia — MI, SCD

1
1
HEALTHY JUPEEE - ! CARDIOVASCULAR DISEASES
P s 1
,+” Factors modifying "+ |
’ CV responses v Hypertension
Cold age, gender, | 1 | Sympathetic
RPPT ‘. anthropometry, S overactivity;
HR <> ord . fitness * | endothelial
SV Seel PPt v | dysfunction and
S:1) T i | vascular remodeling;
DBPT cold and i | activation of RAAS
CoOe 1
SVRT Exercise : | Coronary artery
e:10) RPP¥¥ i | disease
— SBPT : Fixed or dynamic
N HRT i | stenoses in epicardial
Exercise SI\3/PR 1 X coronary arteries;
rRPPT CBF (not : microvascular
HRT known) : dysfunction; focal or
sv?T . diffuse epicardial
sgpT —_ 1 | coronary spasm
DBPY or<> !
cot ' | Heartfailure
SVRY i dysfunction of the left
cBrt i | (and/orright)
\ J : ventricle; reduced
1
1
1
1
1
1
1
1

Figure 1. Effects of cold and exercise and their combination on cardiovascular responses in healthy subjects [13,39]. In addition, poten-
tial mechanisms explaining cardiovascular events [2,4,83] in both healthy and those with hypertension [73], coronary artery disease [80]
and heart failure [91] are presented. Abbreviations: CBF = coronary blood flow, CO = cardiac output, DBP = diastolic blood pressure,
HR = heart rate, Ml = myocardial infarction, RAAS = renin-angiotensin system, RPP = rate pressure product, SBP = systolic blood pres-
sure, SCD = sudden cardiac death, SV = stroke volume, SVR = systemic vascular resistance.

Whole body cold exposure

One could speculate that hypertension would result in
exaggerated cardiovascular responses related to acute
cold exposure resulting from the impaired autonomic
cardiovascular control, and characteristic sympathetic
over activity. Hypertension also relates to increased
arterial stiffness [73,75], as well as endothelial dys-
function which contribute to the basal vascular tone,
but possibly also to the cold-related pressor response.
Furthermore, ageing associated with hypertension
may itself contribute to the increased central arterial
stiffness and pressor response [32]. Indeed, Greaney
et al. [76] demonstrated a greater increase in BP, as
well as muscle sympathetic nerve activity (MSNA)
among hypertensive compared with normotensive
controls. Alongside these findings they investigated
baroreflex sensitivity (BRS), which is a dominant
short-term control mechanism for BP and may be
impaired in hypertension [73]. Their study detected
cold-related increase in BRS among hypertensive, but

not normotensive subjects [76] and related their find-
ings to functional buffering of cooling-induced
increases in BP. The results further showed an aggra-
vated increase in skin sympathetic nervous activity
(SSNA) and peripheral cutaneous vasoconstrictor
response to skin cooling among hypertensive com-
pared with normotensive subjects [61]. Interestingly,
differences in cutaneous adrenergic sensitivity did not
contribute to the observed exaggerated vasoconstric-
tion. Hence, the authors suggested this to occur via
greater increases in skin sympathetic outflow coupled
with an increased reliance on non-adrenergic neuro-
transmitters [61]. The previously mentioned studies
have been performed employing whole-body cooling
of large skin areas (water perfusion suit), but exclud-
ing the head.

In contrast, studies employing whole-body cool-
ing that includes facial cooling, and where larger
skin areas are protected with winter clothing, have
detected responses

comparable cardiovascular
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between hypertensive and normotensive subjects
(38,42,43,63,65]. 'This
involves autonomic co-activation, as judged by the

form of cold exposure
simultaneously increased BP and heart rate vari-
ability and decreased HR both among untreated
[38] and treated [63,65] hypertensive compared
with normotensive subjects. In addition, it was
demonstrated that hypertension do not modify the
cold-related increase in augmentation index (surro-
gate marker of aortic stiffness), or decrease in sub-
endocardial viability ratio (an index of myocardial
oxygen supply/demand-ratio) [38]. In contrast with
previous findings [76], BRS increased to compara-
ble amounts among untreated hyper- and normo-
tensive subjects suggesting that cardioprotective
mechanisms are preserved in the earlier stages of
the disease [40]. Exposure to whole-body cryother-
apy among hypertensive subjects supported this
finding [69]. Finally, when examining cardiac elec-
trical function cold-related ventricular repolariza-
tion was observed probably due to simultaneous
co-activation of the parasympathetic and sympa-
thetic nervous system, but unaffected by hyperten-
sion [40].

The use of antianginal medication in response to
whole body cold exposure in hypertensive subjects has
been reported in a few controlled studies. Interest-
ingly, although the use of beta-blockers, combined
alpha- and beta-blockers, as well as diuretics were
effective in lowering the BP level, they did not affect
the magnitude of the pressor response during whole-
body cold exposure [63,65].

Also protective equipment and clothing may
affect BP responses in cold. The use of a protective
mask with a heating and humidifying properties
mitigated the increase in BP especially among age-
ing hypertensive subjects (above 60 yrs.) [62]. An
earlier study with healthy subjects showed similarly
that proper head protection reduces cold-related
increase in BP [77]. These findings are promising
from the perspective of appropriate protection in
cold environments of those with hypertension and
possible other CVD’s.

Cryotherapy is a very specific form of whole-body
cold exposure and used in association with treating
rheumatic disorders. It involves exposure of large skin
areas to extreme cold for a brief period. Hypertension
has also been examined in this context by a few stud-
ies. However, their study design does not allow

distinguishing acute cold-related cardiovascular

responses [68,69].

Local cold exposure

Only a few studies have examined how hyperten-
sion alters cardiovascular responses in response to
local cooling. Smith et al. [66] showed that cooling
of the forearm (clamped to 24 °C) among pre- or
mildly hypertensive subjects did not affect the mag-
nitude of vasoconstriction compared with controls.
However, Rho/Rho-Kinase (ROCK) activity, which
is thought to be secondary to endothelial dysfunc-
tion related vasoconstriction, increased among per-
sons with hypertension. Also adrenergic-dependent
vasoconstriction was upregulated suggesting an
interaction between these pathways for maintaining
basal vasomotor tone [66].

Another study applying facial cooling (trigeminal
nerve stimulation) showed elevated cardiac work-
load among hypertensive subjects, as judged by
augmented peripheral mean arterial pressure, sym-
pathetic activity and altered central hemodynamics
(e.g. increased augmentation pressure and Alx)
[36]. HR did not change in response to face cooling
among hypertensive persons as opposed to studies
where it reduced among healthy persons [25,27,29-
31,48,49]. However, a limitation of the study was
that it did not include normotensive controls for
comparison.

Cold pressor test

Compared to the previous cold stimuli eliciting ther-
moregulatory responses, the cold pressor test repre-
sents a generalized sympathoexcitatory stimulus.
Similarly as healthy persons, also hypertensive sub-
jects demonstrate an overall increase in mean arterial
pressure, SBP, DBP MSNA and HR during the cold
pressor test [40,57,60,71]. In addition, equally to
whole-body cold exposure [61,76], a higher respon-
siveness to the cold pressor test has been detected
among hypertensive compared with normotensive
subjects [60].

Hypertension may alter central arterial responses
detected as higher pulse wave velocity [75,78] com-
pared with controls. The question of pulse pressure
amplification and distensibility of brachial and
carotid arteries were compared between borderline
hypertensive and normotensive subjects in response
to a cold pressure test [59]. The study showed that



pulse pressure amplification tended to disappear in
both groups because of earlier return of the carotid
wave reflections and an increase in carotid pulse
pressure. Arterial distensibility decreased, but only
at the site of the carotid artery among hypertensive
subject. This suggest that not only blood pressure
level, but also intrinsic properties of arterial walls
affect compliance in hypertension.

Jarvis et al. [40] examined the role of antihyper-
tensive medication (renin inhibitors and diuretics)
in response to the cold pressor test. Equally to the
findings from studies employing whole-body cold
exposure [63-65], antihypertensive medication low-
ered BP level, but not responsiveness to the cold
pressor test in mild hypertension. The study did
not allow a possibility to compare cardiovascular
responses with normotensive subjects.

Family history of hypertension may predispose to
later cardiovascular diseases and has shown higher
reactivity to the cold pressor test. Two studies examin-
ing sympathetic reactivity (but with no special focus
on cold-related responses) showed either a greater BP
response [71] or no effect [57] among young women.
Though the latter observed aggravated responses at
the onset of isometric exercise among those with fam-
ily history of hypertension.

In summary, hypertension results in aggravated
[61,76] or comparable [38,42,43,63,65] increase in
cardiovascular strain during whole-body cold expo-
sure compared with controls. Local cooling suggest
upregulation of pathways related to endothelial
dysfunction of the microcirculation in essential
hypertension. The variation in responses may par-
tially depend on whether cooling of the head is
involved or not, but also be related to differences
in study populations (e.g. diseases progression, use
of medication) and protocols. The higher cardiac
workload observed in cold is primarily due to the
increase in sympathetic activity and its effect on
vasoconstriction and augmented BP [76]. The
higher baseline BP together with its cold response
among hypertensive subjects may more often
involve an increased risk of cardiovascular events.
For example, cold exposure affecting mainly the
face increased SBP momentarily above 200 mmHg
among untreated mildly hypertensive patients [38].
Antihypertensive medication lowers BP levels, but
do not affect responsiveness to cold during whole
body cooling [63-65] or the cold pressor test [40].
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Appropriate protection in the cold may reduce the
pressor response.

Coronary artery disease

Coronary artery disease, also known as ischemic heart
disease, is a group of diseases that includes stable
angina, unstable angina and myocardial infarction
[79]. Stable CAD is characterized by episodes of
reversible myocardial demand/supply mismatch
related to ischemia and often inducible by exercise or
other stressors [80]. CAD occurs when part of the
smooth, elastic lining inside a coronary artery devel-
ops atherosclerosis. The artery’s lining becomes hard-
ened, stiffened, and swollen with calcium and fatty
deposits, as well as abnormal inflammatory cells—to
form a plaque. The limitation of blood flow to the
heart causes ischemia, which may lead to myocardial
infarction, cardiac muscle damage, tissue death and
scarring. As cold exposure increases cardiovascular
strain, this may pose an additional burden to an ische-
mic heart disease. Hence, it is well documented that
the winter months are associated with worsening of
angina symptoms [81] and a higher frequency of myo-
cardial infarctions [4,8,82] and sudden cardiac deaths
[6,83].

Cold pressor test and local cooling

There is a lack of evidence related to whole-body cold
exposure-related cardiovascular responses of persons
with CAD or angina (Table 1). All of the previous
research have had a clinical focus and employed the
cold pressor test [51,54,58,70] and only one utilized
the cold face test [84]. Whether CAD aggravates car-
diovascular responses related to the cold pressor test is
controversial. Mudge et al. [55] showed comparable
BP increase in response to the cold pressor test among
persons with CAD and controls. Consistent with this
finding Zeiher et al. [51] did not detect differences in
hemodynamic responses in CAD patients with athero-
sclerosis compared with those having structurally nor-
mal arteries. Similarly, patients with CAD and those
demonstrating only exertional chest pain, did not dif-
fer from each other in cardiovascular responses
[84,85]. On the other hand, a combination of diag-
nosed CAD and chest pain demonstrated higher car-
diovascular response towards the cold pressor test
compared with those having only chest pain [58].
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Despite the fact that the presence of CAD, or its
severity, do not markedly impact the increase in car-
diovascular strain in response to the cold pressor test,
there are indications that myocardial oxygen supply is
weakened [13]. Coronary artery stenosis results in a
diminished flow-mediated vasodilatory response to
cold. The endothelial dysfunction related to athero-
sclerosis attenuates endothelial-mediated vasodilation
[51,86]. Earlier studies have shown that while normal
coronary arteries dilate in response to the cold pressor
test (as a result of coronary autoregulation), the dis-
eased ones constrict [51,54]. Already Mudge et al. [55]
demonstrated a higher coronary vascular resistance
and reduced coronary blood flow in response to the
cold pressor test. Persons with exertional angina
showed increased coronary resistance in response to
CPT especially in abnormally perfused left ventricular
regions [87]. Even those with vasospastic angina
(chest pain at rest, smooth muscle contractile disor-
der), demonstrated a blunted increase in coronary
flow reserve during cold stimulation [88].

Reduced myocardial cold-related vasodilation
prevents increasing coronary blood flow in
response to the higher cardiac oxygen demand.
This mismatch between oxygen demand and supply
may lead to myocardial ischemia [13]. One indica-
tion of this are reports of angina in response to the
cold pressor test [84]. Interestingly, although inha-
lation of cold air (=20 °C) resulted in angina in
some CAD patients, this was not related to higher
myocardial oxygen consumption or altered coro-
nary blood flow [89]. In contrast, despite of
reduced myocardial perfusion, not all experience
angina or demonstrated ST-depression indicating
ischemia in response to the cold pressor test [90].
Of note, transient myocardial perfusion defects
may occur also in healthy persons [85] (Table 2).
The observed ischemia in CAD patients may be
related to altered myocardial functioning, as judged
by delayed relaxation, impaired
reduced contractibility [70].

In summary, controlled studies assessing whole-
body cooling and cardiovascular response in CAD
patients at rest are lacking. Clinical research assess-
ing reactivity to stress utilizing the cold-pressor test

stiffness and

have shown either higher or comparable increase
in cardiovascular strain among CAD patients com-
pared with controls. Yet, many of the studies did

not include healthy controls for comparison. CAD
is often related to reduced myocardial blood flow
in response to the cold pressor test. This may lead,
but not always, to reports of angina related to myo-
cardial ischemia.

Heart failure

Heart failure, often referred to as congestive (symp-
toms of congestion) or chronic (refers to long
duration) heart failure (CHF) is a clinical syndrome
in which there are characteristic signs and symp-
toms, such as oedema, breathlessness and fatigue,
due to an underlying abnormality of cardiac func-
tion [91,92]. Heart failure is often a manifestation
of CAD and includes having a previous MI. It
occurs when the heart is unable to pump suffi-
ciently to maintain blood flow to meet the body’s
needs. The end result is a fall in cardiac output or
its inadequate increase during exercise. Under per-
fusion leads to baroreceptor activation, increased
HR and BP with salt and water retention. Long-
term progress of the disease includes enlargement
of ventricles and atrium and pulmonary oedema. A
heart failure patient has little physiological reserve
to deal with increased cardiac workload that occurs
while being cold exposed or during exercise. Cold-
induced vasoconstriction is associated with an
increased afterload, which a failing heart may not
be able to compensate by increasing cardiac work
[4].

To the best of my knowledge, there are no studies
that have determined cold-related cardiovascular
responses among heart failure patients. These would
be important for understanding mechanisms behind
the higher winter mortality [4]. Early classic studies
suggest aggravated constrictor response reducing cuta-
neous blood flow at rest under thermoneutral condi-
tions [93]. Only one recent study included heart
failure patients in a trial studying the combined expo-
sure to Finnish sauna followed by a head-out cold
water-immersion [67]. This form of cold exposure
produced comparable cardiovascular responses in
heart failure patients compared with controls and did
not provoke an excessive increase in adrenergic activ-
ity or arrhythmias. The results are to be interpreted
with caution due to the small sample size and very
short duration of the immersion.
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Exercise in the cold and cardiovascular responses in
persons with cardiovascular diseases

The majority of the studies examining the combined
effects of cold and exercise on cardiovascular responses
among persons with cardiovascular diseases have stud-
ied CAD [18,81,89,90,94-112] and only a few heart
failure [109,110]. To the best of my knowledge, none
have included subjects with hypertension (Table 2). In
contrast to studies conducted at rest, exercise-related
research have either employed whole-body exposure to
cold air [18,81,94,99,103,104,106,107,109,111,112] or
water [108], cold air blown on face and upper chest
[96,98], or while inhaled [89,95,97,103,112]. Only a few
studies have included the cold pressor test stimulus
performed in conjunction [100] or separately from
exercise [90,101,102]. Depending of the mode of expo-
sure the intensity of ‘cold’ has varied markedly. The
majority of the exercise studies have employed the
Bruce protocol, or its modification, which is a graded
and symptom-limited test assessing maximal exercise
capacity of cardiac patients [113]. Hence, the duration
of exercise (and cold exposure itself) was often rela-
tively short, on average 10-12 min. Only a few studies
included submaximal exercise [18,107-109]. With the
exception of one study [102], all others examined
dynamic exercise (Table 2).

In the majority of the studies cardiovascular
responses to varying cold exposures (cold, exercise,
medication) were compared within the studied patient
group. Only a few studies included healthy controls
[18,90,107]. A portion of CAD patients report being
cold susceptible and cardiovascular responses were
compared between these groups [96]. The studied sub-
jects were middle-aged (mean age 57 yrs.).

Coronary artery disease

Two previous reviews have creditably summarized the
available evidence concerning with cold exposure,
exercise and CAD [13,14].

Whole body cold exposure

A combination of cold exposure and exercise often
results in increased cardiovascular strain compared
with exercise alone. Several studies have shown ele-
vated SBP [81,96,100,103,111,112], HR [81,103] or
RPP [81,103,111,112] in response to symptom-limited
graded exercise in a cold compared with thermoneu-
tral environment. Though other studies have reported
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unaltered HR [94,96,99,105,107,111], SBP [99] and
RPP [94,96,98,99,108]. The exact reasons for the devi-
ating findings cannot be distinguished, but are likely
due to variations in the study populations and designs.
In studies that detected a higher RPP during exercise
in the cold, this was probably more often driven
through an increase in SBP, rather than HR [13,107].

Exercise is known to increase coronary blood flow,
but this may occur to a lesser extent among patients
with CAD [13]. Several studies have indicated that
exercise in cold results in reaching the ischemic
threshold earlier as indicated by an ST-depression of
1 >mm [94,96,98,99], while others have not [95,100].
Angina is considered to reflect ischemia and occurs
sooner among CAD patients during exercise in the
cold [98,112]. Though, ischemia may even occur with-
out angina symptoms, or among those without a his-
tory of angina [94]. Furthermore, the onset of
ischemia and angina may occur even earlier in cold-
sensitive/intolerant CAD patients [96,99].

The possible mismatch between myocardial oxygen
demand and supply [13,107] occurring during exercise
in the cold among patients with CAD has been shown
to lead to reduced exercise times in some [98,112], but
not all [94,96] studies compared with thermoneutral
conditions. Furthermore, maximal work capacity is
often [103-106], but not always [111], reduced when
comparing exercise in a cold environment with exer-
cise alone. It is possible that especially cold-susceptible
CAD patients demonstrate decreased maximal power
while exercising in cold [81].

Applying antianginal medication has shown to be
beneficial in patients with CAD in improving exercise
capacity during exercise in the cold [98,99]. Both the
use of calcium and beta blockers increased the time to
onset of angina, the occurrence of ischaemia (ST-
depression) and prolonged total exercise time [98].
However, it seemed that the use of calcium channel
blockers were more effective for sustaining perfor-
mance in the cold. In contrast, Juneau et al. [99]
showed that beta and calcium channel blockers were
equally effective in delaying the onset of exercise-
induced ischemia.

Local cold exposure

Inhalation of cold air may be pronounced during exer-
cise in association with oronasal breathing. Previous
studies have detected reduced coronary blood flow
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among healthy persons while inhaling cold air [56]
and further attenuated by aging [50].

The findings from patients with CAD are contra-
dictory. Inhalation of cold air (—20 °C) and atrial pac-
ing (used in parallel with exercise tests to assess
myocardial function) resulted in reports of angina in a
few of the patients. However, the occurrence of chest
pain could not be explained by an increase in myocar-
dial O, consumption or reduction in coronary blood
flow. Therefore, the authors suggest that inhalation of
cold air could affect collaterals or coronary blood flow
distribution, rather than large coronary artery or gen-
eralized arteriole constriction [89].

Inhalation of cold (—15 °C) compared with warm
air (+22 °C) while exercising at room temperature has
been shown to result in earlier onset of angina among
stable angina patients. Furthermore, angina occurred
sooner and mean total exercise time was shorter with
cold air inhalation [95]. In addition, the total exercise
time was reached at an earlier level of RPP. Similarly,
decreased work capacity was also detected when inhal-
ing very cold (—35 °C) compared with warm air
(+20 °C) during a symptom-limited exercise test at
neutral environmental temperature. At the same time,
a higher cardiac workload (RPP) was observed with
cold air inhalation and exercise [103].

Some of the studies have combined inhalation of
cold air and exercise with concurrent cooling of the
skin. Inhalation of moderately cold air (—10 °C) did
not impair work capacity irrespective of environmen-
tal temperature [103]. In contrast, exposure to a cold
environment (—10 °C) with inhalation of air at room
temperature caused a significant decrease in exercise
performance. Also Brown & Oldridge [112] docu-
mented decreased exercise capacity and earlier occur-
rence of angina among CAD patients both during
exercise in a cold environment (—7.5 °C) and also
when combined with inhaling cold (circa 0 °C) air.
Both studies concluded that the effects on perfor-
mance and appearance of angina are more related to
the environment than inhaling cold air [103].

A few studies have examined mechanisms underly-
ing reports of cold-induced angina or detected myo-
cardial ischemia while inhaling cold air during
exercise. One study employing graded exercise exam-
ined the role of vasoconstrictor peptides, endothelin
or angiontensin as explanatory factors for cold-
induced angina, but could not detect an effect of inha-
lation temperature [95]. In contrast, Petersen [97]

demonstrated that inhaling cold (—22 °C) compared
with warm (+22 °C) air during exercise was related to
increased plasma endothelin levels and the detected
myocardial ischaemia. Interestingly, the ischemic
response was not related to a higher myocardial oxy-
gen demand, as there were no differences in peak
heart rate, SBP or catecholamines between inhaling
cold or warm air.

Cold pressor test

In the examined studies cold pressor tests were
applied either before or after [90,101,102], or in con-
junction [100] with exercise. The simultaneous com-
peting stimuli of the cold pressor test (vasoconstrictor
stimulus) and exercise (stimulus for coronary vasodi-
lation) were examined in a study where patients with
CAD performed graded exercise in a thermoneutral
environment with or without the cold stimulus [100].
The results showed higher SBP and DBP during sub-
maximal workloads, as well as higher RPP throughout
the exercise when compared with exercise without the
cold pressor stimulus. Unexpectedly, the patients
experienced angina and signs of ischemia at a higher
RPP, from which the study suggest that coronary
vasodilation occurring at exercise may outweigh the
effects of the strong sympathetic stimulus of the cold
pressor test. A somewhat similar finding from deServi
et al. [101] showed that the higher coronary resistance
during a cold pressor test does not persist during exer-
cise in a neutral environment, when metabolic vasodi-
lation occurs. However, the reduction in coronary
resistance was smaller among CAD patients with
reduced exercise tolerance. Of note, the study is lim-
ited by the interrelated repeated exercise and cold
pressor tests. A calcium channel blocker (nifedipine)
was successful in reducing coronary vasoconstriction
and improving blood flow during isometric exercise
combined with a cold pressor test [102]. However, the
study did not assess simultaneous cardiovascular
response of cold and exercise.

The aspect of myocardial blood supply in response
to the separate effects of a cold pressor test and exer-
cise have been investigated [90,101,102]. One study
demonstrated that the cold pressor stimulus caused
disturbances in the regional myocardial perfusion
comparable to exercise in a neutral environment.
Interestingly, the perfusion decrement related to the
pressor test were not necessary accompanied by symp-
toms of angina [90]. Hence, it may be that the



symptomatic patients or commonly accepted ECG
manifestations of ischemia underestimate the true
ischemic effects of a cold stimulus.

In summary, many of the previous studies among
CAD patients demonstrate higher cardiac workload
during exercise in the cold. Any contrasting findings
have likely resulted from differences between patient
groups, forms of cold exposure or employed exercise.
In conjunction with the higher cardiac strain, myocar-
dial oxygen supply may be weakened, as judged by
reports of angina or detected ischemia. Performance
during exercise in the cold may be impaired, as judged
by lowered exercise times and peak levels. Antianginal
medication has proven successful for CAD patients
for improving performance during exercise in the
cold.

Heart failure

Heart failure has in a few controlled exercise studies
shown to be associated with reduced maximal and
submaximal performance during cold exposure
[109,110]. A study employing submaximal exercise in
the cold showed a 21% reduction in exercise time in
persons with heart failure compared with controls, no
marked changes in RPP, but considerably increased
release of norepinephrine. Furthermore, applying beta
blocker therapy (Cardevilol, Metoprolol) attenuated
the impact of cold on cardiovascular responses during
exercise [109]. Exercise in cold water increased RPP,
cardiac index, reduced peripheral vascular resistance
and maximal exercise time by 17% in persons with
heart failure. Remarkably, only three days use of a
low-dose ACE inhibitor (Lisinopril) attenuated the
effect of cold on exercise capacity [110].

Lastly, chronic heart failure patients have been
shown to tolerate aqua therapy and swimming in
moderately cold water (+22 °C) well, as judged by
equally increased cardiac work and index, in both cold
and warm water. However, CHF patients demon-
strated higher amounts of premature ventricular con-
tractions, probably as a result of the stimulation of
autonomic nervous system and which could involve
potential health risks [108].

Confounders in studies investigating the effects of
cold and exercise on CVD

Controlled studies examining the single and combined
effects of cold exposure and/or exercise are relatively
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few, but the interest is growing. Reaching conclusions
based on the obtained evidence can be challenging
due to several reasons. First of all, the type of cold
exposure (intensity, duration, area of stimulation)
varies remarkably between the different studies. The
commonly employed cold pressor test which is clini-
cally relevant for assessing cardiovascular diseases,
does not reflect a true cold exposure. Also, the influ-
ence of seasonal variation on circulation and other
cardiovascular risk factors should be taken into
account. Studies examining exercise responses have
likewise also used a variety of exercise protocols in
terms of form (dynamic, isometric), intensity (sub-
maximal, maximal, constant, graded) or duration.
Especially, studies examining submaximal dynamic or
isometric exercise are largely lacking. It is also likely
that the characteristics of the participants have varied,
with differences in age, anthropometry/body composi-
tion, gender, fitness etc. that are known to consider-
able affect thermal responses [20]. Ageing itself
involves a continuum of functional, structural, cellular
and molecular changes in the heart [114] and/or vas-
culature, which modify the observed cold-related car-
diovascular responses. For example, ageing increase
cold-related cardiac preload and afterload during cool-
ing and contribute to increased myocardial oxygen
demand [46]. It also affects cutaneous vascular
responses, and where the adrenergically mediated
vasodilator response may be lost [115]. Progression of
arterial stiffness with ageing may also lead to aug-
mented BP response towards cold [25,32,33,46]. Most
of the previous controlled studies have included par-
ticipants having CVD with either short disease pro-
gression, or causing mild to moderate disability.
Hence, the susceptibility to cold may increase with
more advanced disease states. However, in many cases
ethical issues limit examining these population groups.
Cardiovascular diseases are also often connected to
other comorbid conditions, such as diabetes [116,117]
which itself also affects thermal responses [118]. As
the pathophysiology of neural and cardiovascular
mechanisms are partially overlapping, it may be
impossible to distinguish cold-related cardiovascular
responses of an individual disease. Finally, a varying
amount of medication used for cardiovascular diseases
likely also affect cardiovascular and thermal response.
As was shown antianginal medication is beneficial for
both lowering baseline levels of BP in HTN, but also
in improving performance while exercise in the cold
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among CAD patients. Differences between studies
could also have been created due to varying washout
times (e.g. from a few days to several weeks) when
ceasing some of the medication prior to the experi-
ments. Perhaps, for some of the controlled studies it is
not possible, or may not even be necessary, to separate
between disease groups or medication, if one wants to
study susceptibility to thermal environments that has
public health applicability.

Summing up: how does cold and exercise relate to
higher CV morbidity and mortality

Acute responses

The mechanisms behind how cardiovascular diseases
modify cold exposure and exercise-related cardiovas-
cular responses can only be hypothesized (Figure 1).
Cold exposure activates the sympathetic nervous sys-
tem and the renin-angiotensin system which elevates
BP both acutely and on long-term [74,119]. A higher
BP itself, and its acute increase, are risk factors for
adverse cardiovascular events, such as plaque ruptures
and associated hemorrhages [83,120]. The acute BP
increase may further be aggravated due to increased
aortic stiffness due to healthy ageing [32], as well as in
hypertension [73,121]. In addition, cold exposure
involving both the whole-body and facial region may
elicit a co-activation of both the sympathetic and para-
sympathetic nervous system (‘autonomic conflict’)
and result in arrhythmias. These may, in theory, also
occur with other stressors than submersion in cold
water [122]. The higher cardiac workload associated
with cold and reduced myocardial perfusion (e.g. due
to stenosis) occurring with ischemic heart diseases
may cause a mismatch between oxygen demand and
supply and lead to either acute (plaque rupture and
thrombus formation) or chronic ischemia (lumen nar-
rowing of coronary artery) and consequently to MI or
SCD [13,83]. Transient myocardial ischemia may
occur due to cold-related coronary spams caused by
altered endothelial function [123] and in the worst
case lead to SCD [83]. The decreased skin blood flow
as a result of cold-induced vasoconstriction together
with increased diuresis leads to hemoconcentration
and hyperviscocity [2]. Already mild cooling of the
body surface for relatively short periods elicit hemo-
concentration and increased levels of fibrinogen and
cholesterol that could favor thrombus formation
[28,124]. Also exercise in the cold elevates the

coagulation potential [125]. This may together with
cold-related increase in BP enhance the forces favor-
ing vascular wall deformation, increase friction and
shear stress on the aortic internal surface, and lead to
ruptures or dissection [120].

It should be noted that, in addition to the acute
cold-related effects and related health events, a lower-
ing of environmental temperature often results in
more pronounced lagged health effects compared with
heat [2,126]. For example, the effect of cold on mortal-
ity occurs generally 2-3 days following the exposure,
but effects are still observed within 10-25 lag days [2].
The effects of cold may be more indirect than heat
and related to for example respiratory infections that
may later result in hospitalizations [126].

Seasonal variation of factors affecting cold-related
cardiovascular responses

In addition to the acute increase in BP also the cold
season is associated with a higher BP [119,127]. A
recent systematic review and meta-analysis [127]
showed that lower ambient temperatures increase BP
and especially persons with cardiovascular diseases
are susceptible. In addition to acute responses, a cold
season alters hemostatic factors and increases the
coagulation potential, such as concentrations of t-PA,
vWEF, D-dimers [128] and fibrinogen [129]. These
changes may explain at least a part of the higher CHD
mortality [128].

In the end, also other factors influence the seasonal
pattern of cardiovascular diseases and possibly con-
tribute to the higher occurrence of adverse health
events in the winter. Known risk factors for cardiovas-
cular diseases are present at higher levels during the
winter. These are for example a higher BP, BMI, waist
circumference, HDL, LDL, triglycerides and glucose
[130]. In addition, changes in vitamin D, certain hor-
mones, air pollution, infections, diet and physical
activity may further modify the risk of cardiovascular
events [4].

Research gaps and conclusions

The separate effects of cold exposure and exercise on
cardiovascular responses in healthy persons are well
known. Less is known of how a cardiovascular disease
alters these responses. This information enables
understanding the pathophysiological responses that
may contribute to the globally demonstrated higher



cardiovascular morbidity and mortality of a specific
climate.

With the available current
studies with forms, intensity and duration of cold

information more

exposure that resembles situations that individuals
may encounter in their habitual life are warranted.
Furthermore, as regular exercise is important for
everyone’s health, its role can’t be overemphasized
for persons with a chronic diseases. Undisputed
evidence indicate that health-enhancing exercise is
an efficient form of secondary prevention, as it
delays or prevent the progress of cardiovascular
diseases [131] and reduces potential adverse health
outcomes. Yet, as both cold exposure and exercise
separately increase cardiovascular strain, informa-
tion of their combined effects are needed. At pres-
ent aerobic performance in the cold has not been
comprehensively documented [12], and even less
among persons with cardiovascular diseases. For
example, symptoms of angina in the cold [13,81]
may prevent individuals from practising regular
exercise. Especially, information of how hyperten-
sion modifies cardiovascular responses during exer-
cise in the cold are lacking. A further interest
would also be to examine how isometric exercise in
persons with cardiovascular diseases affect cardio-
vascular responses in cold [13]. This would help
explaining why especially situations involving low
temperatures and sudden or intense exercise (i.e.
snow shoveling) may involve a health risk for per-
sons with cardiovascular disease, such as an ische-
mic heart condition. The produced information
would support individuals to practice regular year-
round exercise outdoors. It would also be of value
for health care experts when providing advice on
appropriate protection for cold climates.

This line of research is particularly important as
global populations are undergoing a major epidemiolog-
ical transition in which cardiovascular diseases are esti-
mated to increase in prevalence [114,132], have been
recognized as being climate sensitive, and especially
among the elderly population [3]. In addition, climate
change is thought to bring about not only global warm-
ing, but possibly also a higher amount of extreme
weather events [133] which may complicate prepared-
ness of individuals. The expected higher share of non-
optimal temperatures, and that of cold outweighing the
health effects heat [9], provides further justification to
pursue examining susceptible populations.
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