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Valtonen RI, Kiviniemi A, Hintsala HE, Ryti NR, Kenttä T,
Huikuri HV, Perkiömäki J, Crandall C, van Marken Lichtenbelt
W, Alen M, Rintamäki H, Mäntysaari M, Hautala A, Jaakkola JJ,
Ikäheimo TM. Cardiovascular responses to cold and submaximal
exercise in patients with coronary artery disease. Am J Physiol Regul
Integr Comp Physiol 315: R768–R776, 2018. First published July 5,
2018; doi:10.1152/ajpregu.00069.2018.—Regular year-round exer-
cise is recommended for patients with coronary artery disease (CAD).
However, the combined effects of cold and moderate sustained exer-
cise, both known to increase cardiac workload, on cardiovascular
responses are not known. We tested the hypothesis that cardiac
workload is increased, and evidence of ischemia would be observed
during exercise in the cold in patients with CAD. Sixteen men
(59.3 � 7.0 yr, means � SD) with stable CAD each underwent 4, 30
min exposures in a randomized order: seated rest and moderate-
intensity exercise [walking, 60%–70% of max heart rate (HR)] per-
formed at �22°C and �15°C. Systolic brachial blood pressure (SBP),
HR, electrocardiogram (ECG), and skin temperatures were recorded
throughout the intervention. Rate pressure product (RPP) and ECG
parameters were obtained. The combined effects of cold and submaxi-
mal exercise were additive for SBP and RPP and synergistic for HR
when compared with rest in a neutral environment. RPP (mmHg·
beats/min) was 17% higher during exercise in the cold (18,080 �
3540) compared with neutral (15,490 � 2,940) conditions (P �
0.001). Only a few ST depressions were detected during exercise but
without an effect of ambient temperature. The corrected QT interval
increased while exercising in the cold compared with neutral temper-
ature (P � 0.023). Recovery of postexercise blood pressure was
similar regardless of temperature. Whole body exposure to cold
during submaximal exercise results in higher cardiac workload com-
pared with a neutral environment. Despite the higher RPP, no signs of
myocardial ischemia or abnormal ECG responses were observed. The
results of this study are useful for planning year-round exercise-based
rehabilitation programs for stable CAD patients.

cold temperature; coronary artery disease; exercise

INTRODUCTION

The benefits of regular physical exercise on well being and
health during all stages of life are unambiguous. Regular
exercise is crucial in the prevention, treatment, and rehabilita-
tion of many chronic diseases (31). For example, exercise is
effective in the treatment of coronary artery disease (CAD) and
in preventing its progress, alleviating its symptoms, as well as
reducing the risk of myocardial infarctions or fatal cardiac
events (1). It is especially important that physical activity in
patients with CAD is consistently performed, and the current
guidelines suggest moderate intensity exercise to be performed
3–5 times per week for at least 30 min per session, together
with resistance training (8a).

Cold weather is an important risk factor for morbidity and
mortality (13, 15), particularly from cardiovascular causes (13,
36). The elevated risk is mediated both through acute and
seasonal (13) effects of a cold environment on cardiovascular
function. Facial cold exposure alone, without marked whole
body cooling, increases cardiac strain by elevating systolic
blood pressure (SBP) an average of 20–30 mmHg (19, 43) and
even up to 60 mmHg (19). In addition to these acute effects,
blood pressure (BP) is higher throughout the cold season (54).
It is known that cold exposure increases cardiovascular strain
in all individuals. However, myocardial oxygen supply may be
insufficient in response to cold among patients with CAD
whose coronary autoregulation might be impaired and myo-
cardial blood flow attenuated (22, 40). The subsequent myo-
cardial ischemia induces angina pectoris, which may progress
to myocardial infarction, fatal arrhythmias, and sudden cardiac
death (52). Equally to cold exposure, exercise increases cardiac
workload in both healthy individuals and patients with CAD.
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However, the smaller vasodilator capacity of the coronary
circulation among patients with CAD may result in myocardial
ischemia and angina pectoris during exercise (40).

It is possible that the increased cardiac workload, as a result
of combined cold exposure and exercise, may lead to a mis-
match between myocardial oxygen demand and supply in
patients with CAD (40). To our knowledge, none of the
previous studies have examined the effects of sustained mod-
erate-intensity exercise performed in a cold environment on
cardiovascular responses among patients with CAD. The en-
ergy costs (and cardiac work) of submaximal exercise in the
cold may be higher because of the need for nonexercise
thermogenic mechanisms to balance for the higher heat loss
related to movements, as well as simultaneously lowered
efficiency (10). This form of exercise is recommended for
secondary prevention of CAD, with the results of such research
being useful from a perspective of health and safety in these
patients. Furthermore, distinct from previous research, the
present study investigates a unique population consisting of
postinfarction patients with CAD who are asymptomatic and
do not demonstrate marked ECG anomalies during exercise.
Our approach is also different from previous studies, which
have employed graded symptom-limited maximal exercise
tests of very short durations (26, 33, 34, 42). In addition, the
forms of cold exposure have varied between mild (41, 47) or
more severe whole body cold exposure (26, 32, 42, 51) to local
cold exposure, such as cold air inhalation (2, 7, 9, 18, 33, 49).
Because of the aforementioned varying approaches (22) the
results cannot directly be applied for recommendations of
exercise-based rehabilitation programs.

Therefore, the aim of this study was to examine the inde-
pendent and joint effects of moderate-intensity aerobic exercise
and cold exposure on cardiac and circulatory functions in
patients with CAD. We hypothesized a priori that moderate-
intensity exercise causes greater cardiovascular work and signs
of myocardial ischemia when performed in the cold compared
with exercise in a neutral environment.

METHODS

Patients

Sixteen men [age: 59.3 � 7.0 yr, height: 174.4 � 4.2 cm, weight:
88.8 � 15.4 kg, body mass index: 29.2 � 4.9 kg/m2 (means � SD)]
were identified from the hospital records of the Oulu University
Hospital (Table 1). All agreed to participate in the study. The inclu-
sion criteria consisted of a diagnosed CAD (Canadian Cardiac Society
class I–II) and a non-ST-elevation myocardial infarction at least 3 mo
(actual elapsed time was 8–23 mo) before experimentation. The
exclusion criteria were the following: Canadian Cardiac Society class
III–IV, previous myocardial infarction �3 mo before experimenta-
tion, chronic atrial fibrillation, claudication, unstable angina pectoris,
left ventricular ejection fraction �40%, a history of coronary artery
bypass grafting, pacemaker, serious complex or ECG anomalies
during rest, presence of physician-diagnosed asthma or diabetes, and
current smoking. An experienced cardiologist evaluated the inclusion
and exclusion of each subject based on the aforementioned criteria.
The participants received both oral and written information of the
study and a signed informed consent was required for participation.
The study was approved by the Ethics Committee of Oulu University
Hospital District. The study is registered in the Clinical Trials
(NCT02855905).

Study Design

Clinical exercise tests were performed approximately 1 mo before
the experiments to assess maximal exercise capacity of the patients
and to detect possible ECG abnormalities, indicating cardiac isch-
emia, during a bicycle ergometer test (Ergoline, Ergoselect 100K,
Fysioline, Finland). Before the test, ECG and heart rate (HR) were
measured at rest in the supine position. The test was started from at
30 W and was increased by 15 W each minute until exhaustion. An
exercise physiologist carried out the tests, which were monitored
by a medical doctor. No abnormalities were detected in the ECGs
during exercise in any of the enrolled subjects. The results of the
exercise capacity tests were used to calculate an individually based
walking speed for the experiments that represented moderate-
intensity exercise (8).

We conducted a crossover trial where each subject participated
in four different experimental conditions in random order. These

Table 1. Characteristic of study group

Variables (n) 16

Age, years 59.3 � 7.0
BMI, kg/m2 29.2 � 4.9
BF, % 26.4 � 7.6
Peak V̇O2, ml·kg�1·min�1 30.0 � 5.6
SBP, mmHg 126 � 19
DBP, mmHg 81 � 10
Hypertension

Yes 14 (87%)
No 2 (13%)

Medications
Aspirin 14 (88%)
�-Blockers 9 (56%)
Statins 12 (75%)
ADP receptor antagonist 5 (31%)
ACE-inhibitors 10 (62%)
ATR-blocker 3 (19%)
Calcium channel blocker 2 (13%)

How do you find your current health status?
Excellent 3 (19%)
Quite good 5 (31%)
Average 8 (50%)
Quite poor 0 (0%)
Very poor 0 (0%)

Do you use any alcoholic drinks, even occasionally?
Yes 14 (88%)
No 2 (13%)

How demanding is your work physically?
My work is mainly done sitting 7 (44%)
I walk quite much in my work 4 (25%)
I have to walk and lift much 4 (25%)
My work represents heavy manual labor 1 (6%)

How much do you exercise and stress yourself
physically in your leisure time?

Never 2 (13%)
Rarely 10 (63%)
Often 3 (19%)
Very often 1 (6%)

How do you find your current physical fitness status?
Excellent 1 (6%)
Quite good 11 (69%)
Average 4 (25%)
Quite poor 0 (0%)
Very poor 0 (0%)

Values are the number of the patients or means � SD. ACE, angiotensin-
converting enzyme; ADP, adenosine�diphosphate; ATR, angiotensin receptor;
BMI, body mass index; BF, body fat percentage; DBP, diastolic blood
pressure; Peak V̇O2, estimated (3.5 � MET, where MET is metabolic equiv-
alent of task) symptom-limited maximal oxygen uptake; SBP, systolic blood
pressure.

R769CORONARY ARTERY DISEASE, COLD, AND EXERCISE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00069.2018 • www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.158.036) on October 13, 2020.



were 1) 30-min exercise in the cold environment (�15°C, wind 1.0
m/s), 2) 30-min exercise in the neutral environment (�22°C, wind
1.0 m/s), 3) 30-min rest in the aforementioned cold conditions, and
4) 30-min rest in the aforementioned neutral conditions. The level
of exercise was adjusted to correspond to the recommended inten-
sity and duration of health-enhancing aerobic exercise (8a, 14).
The exercise consisted of brisk walking for 30 min on a treadmill,
with the speed and grade of the treadmill remaining constant for
each subject while exercising in cold and neutral conditions. The
selected exercise intensity represented 65%–70% maximum HR
(HRmax) where the individual walking speed was adjusted based on
target HR and calculated based on the following equation: HRrest �
0.45 � HRR, where HRR (heart rate reserve) � HRmax � HRrest.
HRrest denotes HR at rest. The chosen cold environmental temperature
(�15°C) occurs commonly in countries of the northern hemisphere
during the cold season. Resting cold exposure was mainly restricted to
the face, as the participants wore full winter clothing consisting of
underwear (shirt, pants), insulated trousers, insulated jacket, overtrou-
sers, overjacket, socks, and shoes (insulation value of clothing ensem-
ble 2.13 clo). During exercise in the cold, clothing insulation was
reduced to 1.88 clo (removal of overtrousers and jacket). A fewer
amount of clothing insulation (0.75 clo) was used during both thermal
neutral exposures. The experimental conditions were separated by at
least 1 wk. Each patient performed the four trials at the same time of
the day.

The patients were instructed to avoid heavy exercise 24 h before,
alcohol 48 h before, and coffee/caffeine related beverages 2 h before
the experiments. Before each experiment was initiated, body compo-
sition was assessed from each subject by bioimpedance measurements
(InBody720 Biospace, Seoul, Korea). Subjects also completed a
questionnaire related to health and lifestyle, which inquired about
medication, alcohol consumption, physical fitness, current health
status, and exposure to cold at work or during the leisure time.

The patients were equipped with 10 skin temperature thermistors,
a brachial BP arm cuff, and ECG electrodes. After the instrumenta-
tion, the patients moved into the climatic chamber with neutral
temperature (�22°C) conditions for 12.5 min of baseline measure-
ments with subjects in the seated position. Following this, the partic-
ipants moved to the climatic chamber with adjustable temperature and
wind speed, which was equipped with a treadmill. The duration of
each experimental condition was 30 min during which the patients
were either seated (rest) or walking. After the exposure the patients
walked back to the neutral temperature chamber for a follow-up of 60
min. A paramedic nurse was monitoring real-time ECG and brachial
BP throughout the experiments.

Measured parameters. Brachial BP (BP 200�, Schiller, Baar,
Switzerland) was assessed at 5-min intervals during baseline, inter-
vention, and follow-up. RPP was calculated by multiplying brachial
SBP with HR. Physical strain was evaluated objectively by HR and
subjectively by Borg’s perceived of exertion scale (5). HR was
monitored continuously, and perceived exertion was asked at 5-min
intervals during the intervention.

ECG was recorded and monitored continuously using a 15-lead
ECG (Cardiosoft V6.71, GE Healthcare, Freiburg, Germany). The
placements of the ECG electrodes at rest followed the standard
12-lead placement and X, Y, Z leads. In the clinical exercise test, and
during the interventions, the arm and foot electrode were reset to both
shoulders and lower back. Signal analyses were carried out with
custom-made software in Matlab (MathWorks, Natick, MA). Ectopic
and abnormally shaped beats were removed from the analysis. ECG
was used to identify P-wave onset, QRS boundaries, R- and T-wave
peak, and T-wave offset, from which QRS and QT interval were
calculated. The QRS complex describes ventricular depolarization. A
QRS elongation indicates intraventricular conduction disturbances.
The T-wave reflects ventricular repolarization and an altered T-wave
can reflect ischemia. The QT interval describes the repolarization time
and is HR dependent. Therefore, the QT interval was corrected with

the nomogram method (QTc) (27). Elongation of the QT interval
could predispose to arrhythmias. An ST segment depression indicates
ischemia and was evaluated 60 ms following the J-point.

Skin temperature was measured continuously using thermistors
(NTC DC95, Digi-Key, Thief River Falls, MN) attached to the right
scapula, left cheek, forehead, left calf, right anterior thigh, dorsal side
of left index finger (middle phalanx), left hand, left forearm, right
shoulder, and left upper chest. Data were recorded at 20-s intervals
with 2 temperature data loggers (SmartReaderPlus, Acr Systems,
Surrey, BC, Canada). Mean skin temperature (Tsk) was calculated as
follows: Tsk � �ki � Tski � [(0.07 � forehead) � (0.175 � right
scapula) � (0.175 � left upper chest) � (0.07 � right arm) �
(0.07 � left arm) � (0.05 � left hand) � (0.19 � right anterior
thigh) � (0.2 � left calf)], where ki is the weighting coefficient for that
point measurement, and Tski is local skin temperature at point i (24).
Thermal sensations were inquired using scales of perceptual judge-
ments on personal thermal state (23).

Statistical Methods

We compared mean differences in cardiovascular parameters over
time (baseline, intervention, recovery) within and between the differ-
ent conditions (neutral or cold at rest or exercise) with a repeated
measures two-way ANOVA. When detecting a significant main or
interaction effect, corresponding contrast tests (simple) were used to
compare individual data points with baseline (prior exposure), as well
as between conditions. We further analyzed for each individual the
independent and joint effects and their interaction of SBP, HR, and
ECG at the beginning (2 min) and end of the intervention (27 min).
The effects of the experimental condition were compared with rest at
neutral temperature (reference) and their difference compared with
interval estimates (95% confidence interval). The joint effect or
interaction were calculated by subtracting the mean differences in
cardiovascular parameters during exercise in the cold with that of cold
exposure or exercise in a neutral environment. All parameters were
normally distributed. Statistical analyses were performed with IBM
SPSS version 23 for windows (Microsoft). Statistical significance was
set at P � 0.05.

RESULTS

Eight of the patients with CAD were retired from employ-
ment, whereas the rest were still a part of working life. The
mean physical fitness of the patients (30.0 � 5.6 ml·kg�1·
min�1) was moderate when using scales of healthy adults (53),
but ~70% rated their physical fitness as being quite good. In
addition, 63% reported being rarely physically active during
their leisure time. All the patients rated their health status as
being moderate or better (Table 1). The average time elapsed
from the myocardial infarction was 15 � 5 mo. Of the patients,
69% had a single-vessel, 25% a double-vessel, and 6% a
triple-vessel disease. The number of stents was on average two
but varied from 1 to 5. The ejection fraction of the patients was
on average 61 � 10%.

Skin Temperature, Thermal Sensation, and Level of Exercise

Exercise in the cold decreased Tsk (Fig. 1D) by 6.3 � 1.0°C
(P � 0.001), whereas exercise in neutral conditions decreased
Tsk 0.9 � 0.5°C (P � 0.001), both compared with preexposure
baseline. In addition, at the end of the intervention Tsk was
lower (23 � 1.0°C) during exercise in the cold when compared
with rest (25.5 � 0.9°C) in the cold. Facial skin temperature
decreased considerably from 31 � 0.4°C to 12 � 1.3°C (P �
0.001) both during rest and exercise in a cold environment. It
should be noted that skin temperature decreased in cold at all

R770 CORONARY ARTERY DISEASE, COLD, AND EXERCISE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00069.2018 • www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.158.036) on October 13, 2020.



measurements sites but to a greater extent in the extremities
(forehead, face, calf, finger, and hand). At the end of the
respective interventions, the average whole body thermal sen-
sation was �3/cold (cold rest), �1/slightly cool (cold exer-
cise), 0/neutral (neutral rest), and �2/warm (neutral exercise).

The achieved exercise intensity represented 69% and 66% of
HRmax at cold and neutral temperature, respectively. The rate
of perceived exertion varied from light to somewhat hard
(11–14), both while exercising in a neutral and cold environ-
ment.

Cardiovascular Response During Rest and Exercise in a
Cold or Neutral Environment

Cardiovascular responses to rest and exercise at 22°C and
�15°C are presented in Table 2.

BP, HR and RPP increased similarly in the beginning of
exercise (at 2 min) both in cold and neutral environments (Fig.
1). However, at the end of exercise (at 27 min) RPP was 17%
higher in the cold compared with exercise in neutral conditions
(P � 0.001). This elevated RPP was primarily driven by SBP,
which was 13% (P � 0.001) higher whereas HR was only 3%
(P � 0.042) higher in the cold when compared with neutral
conditions. During rest, RPP was 23% higher in the cold
compared with rest in the neutral environment (P � 0.018).

This elevated RPP was also primarily driven by an elevation in
SBP, which was increased by 19% (P � 0.001) whereas HR
did not appreciably change [2%, not significant (ns); Fig. 1B,
Table 2]. During the recovery, SBP remained at a significantly
lower level after exercise compared with the experimental
resting condition but with no difference between the environ-
mental temperatures (P � 0.001).

Independent and Joint Effects of Cold and Exercise

Cold exposure alone increased SBP and RPP but decreased
HR compared with rest at neutral conditions (reference). As
expected, exercise independently increased SBP, RPP, and HR.
The joint effects of cold and exercise on SBP, HR, and RPP
were comparable to exercise in a neutral environment in the
early phase of the intervention. However, at the end of the
intervention for SBP the separate effects of cold were on
average �25 (95% confidence interval, 13 to 37) mmHg,
exercise �15 (6 to 24) mmHg, and their joint effect �37 (28
to 46) mmHg. Hence, their interaction of �4 (�19 to 12, ns)
mmHg indicated an additive effect, i.e., equaled the sum of the
individual effects of cold and exercise. For HR the effect of
cold was �3 (�5 to �1) beats/min, exercise �42 (36 to 48)
beats/min, and their joint effects �45 (39 to 52) beats/min.
This indicates a synergistic effect where the sum of cold or

Fig. 1. Rate pressure product (RPP) (A), systolic blood pressure (SBP) (B), heart rate (HR, in beats/min) (C), and mean skin temperature (D) at rest and exercise
either at �22°C or �15°C (n � 16). The vertical dotted lines represent the start and end of the intervention. Values represent means and their SD. For clarity
reasons in B, SD bars for recovery are not presented.
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exercise alone was exceeded by 6 (0 to 12) beats/min. For RPP
the effect of cold was �1,218 (355 to 2,080) mmHg·beats/
min, for exercise �7,309 (6,088 to 8,530) mmHg·beats/min,
and their joint effect �10,017 (8,575 to 11,459) mmHg·beats/
min. Therefore, although their interaction of �1,490 (�126 to
3,107, ns) mmHg·beats/min suggests synergistic interaction,
the effects are not statistically significant, and the interaction
can be considered as additive.

Recorded and calculated ECG parameters during rest and
exercise in either a cold or warm environment are presented in
Table 3. In general, the effects of the different experimental
conditions on ECG changes were modest. The corrected QT
(QTc) interval was longer during the first minute of exercising
in the cold compared with the first minute of exercise in the
neutral environment (P � 0.023). This interval was shorter in
the beginning of cold rest exposure compared with rest in a
neutral environment (P � 0.010). Six study patients demon-
strated a few ST depressions (leads V1 to V5) exceeding 1 mm
during exercise but with no difference between the environ-
mental conditions. None of the patients experienced angina
and/or arrhythmias during the experiments.

DISCUSSION

Our novel results show that submaximal exercise in the cold
increases cardiac workload in patients with stable CAD com-
pared with a neutral environment. This response was achieved
mainly through a sustained higher SBP but also through a
slightly elevated HR during exercise in the cold. The interac-
tion of cold and exercise on SBP and RPP was additive,
although this was synergistic for HR. The observed higher
cardiac workload did not cause adverse electrocardiographic
changes, evidenced by the largely unaltered ECG. In addition,
no myocardial ischemia was detected during exercise in the
cold, as judged by the lack of ST depressions. Exercise resulted
in comparable lowering of postexercise BP compared with rest
irrespective of environmental temperature.

It is well known that both exposure to cold (44, 55) and
physical exercise (21, 28) independently increase cardiac
workload among patients with CAD (40). However, current
knowledge of their combined effects is limited to exercise of
maximal intensities, short duration, and with varying types
of cold exposure and protection (26, 33, 42). The unique aspect
of the present study is that none of the prior studies focused on
submaximal exercise of longer duration or aimed to mimic
natural exposure or protection. We found an additive effect on
RPP when exercise and cold exposure were combined. This
finding is in accordance with previous studies involving whole
body cold exposure performed during symptom-limited maxi-
mal exercise where RPP was either higher (2, 26, 34, 51) or
unaltered (25, 32, 41, 42, 47) compared with exercise at neutral
conditions. Equally, inhalation of cold air while exercising
resulted in either increased (9, 18, 33) or unaltered (49) RPP.
The higher RPP observed during exercise in the cold is mostly
due to a higher SBP.

We also detected a heightened effect on SBP when cold
exposure and exercise were combined. This higher SBP ob-
served at the end of exercise probably reflects sustained vaso-
constriction to cutaneous and noncutaneous vascular beds.
Lowered skin temperature, even during exercise, reduces skin
blood flow because of both local and reflex mechanisms. InT
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addition, a low Tsk itself shifts the onset of active vasodilation
to higher internal temperature, thereby delaying heat-induced
vasodilation (48). As we did not measure core temperature, its
increase during exercise and effect on regulation of skin blood
flow remains speculative. The lower Tsk observed at exercise,
compared with rest, could be a result of both insufficient
clothing insulation for the condition, as well as higher forced
convective heat transfer of movements. Such a response would
further constrict the cutaneous vasculature relative to cold
exposure in the absence of exercise.

We observed a synergistic effect on HR when cold exposure
and exercise were combined. This was largely due to the fact
that HR decreased during rest but increased during exercise in
the cold. As HR was only ~3 beats/min higher during exercise
in the cold, its physiological significance is rather minor. An
augmented HR while exercising in the cold may be a response
related to higher sympathetic nervous activity as a result of
both exercise and cooling of the skin. Submaximal exercise in
the cold could also involve a higher energy cost related to the
need for thermoregulatory responses to balance for the higher
heat loss. Cooling of the tissues could also reduce performance
efficiency (10). Finally, wearing winter clothing may increase
the energy cost because of the additional weight and friction of
the garments (50). In the end, the reasons for the higher HR
during exercise in the cold remain speculative. Of note, our
study succeeded in reaching a moderate intensity of exercise,
as judged by subjects achieving ~70% of HRmax and subjective
ratings of somewhat hard exercise in the cold. Although the
calculated RPP suggested a low to intermediate cardiac work-
load, a comparison with healthy populations is less meaningful
because of the use of medications, e.g., �-blockers, restricting
HR responses (16).

An ECG-detected ST depression during exercise equaling or
exceeding 1 mm is considered an indicator of myocardial
ischemia (35). Our study showed that temperature did not
affect the onset or occurrence of ST depressions during mod-
erate intensity exercise. In addition, none of the patients re-
ported angina pectoris. This finding differs from the few
previous studies employing maximal exercise intensities that

demonstrated higher occurrence (4) and earlier onset of ST
depressions in cold conditions among patients with CAD (25,
42). However, if in the present study prospective subjects
demonstrated ST depression during the preselection exercise
testing, each have been excluded from the study. Contrasting
results have also shown that the occurrence of ST depressions
during cold exposure (whole body and/or inhalation or cold
pressor test) and symptom-limited exercise were not different
at the onset of angina or maximal workload compared with
exercise in a neutral environment (32, 33, 45). When it occurs,
myocardial ischemia among patients with CAD during exercise
in the cold may arise from increased cardiac oxygen demand,
with simultaneous blunting of the metabolic adaptation (coro-
nary autoregulation) that would ordinarily increase myocardial
oxygen supply (40). As an example, both the cold pressor tests
(6, 55) and exercise (11) separately impair myocardial perfu-
sion among patients with CAD. On the other hand, inhalation
of cold air during exercise in a neutral environment did not
affect coronary blood flow (18). To conclude, in our study
submaximal exercise in a cold environment did not cause
myocardial ischemia, despite of the higher cardiac workload.

Cardiac electrical function may be altered both as a result of
cold exposure and exercise. Although ECG anomalies are
usually detected during cold exposure involving a considerable
decrease in body temperature (3), superficial cooling alone
may result in altered cardiac repolarization at rest (20). Overall
in our study, most of the ECG parameters while exercising
were not affected by temperature, the exception being a pro-
longed QTc interval during exercise in the cold when com-
pared with exercise in a neutral environment. A prolonged QTc
interval has been reported to occur with normal healthy sub-
jects during exercise (30). On the other hand, excessive QTc
prolongation during dynamic exercise may cause cardiovascu-
lar events like arrhythmias (39). QTc interval was shorter at
rest in the cold, which is in accordance with a study examining
whole-body cold exposure among mildly hypertensive persons
(20). Although speculative, the differential effects on QTc for
rest and exercise in the cold could be related to altered
coactivation of the autonomic nervous system (46) and possi-

Table 3. Cardiovascular responses during 30 min of seated rest in a neutral and cold environment, as well as 30 min of
exercise in these environments

�22°C �15°C

Baseline
Exposure 1

min
Exposure 25

min
Recovery 1

min
Recovery 3

min Baseline
Exposure 1

min
Exposure 25

min
Recovery 1

min
Recovery 3

min

Rest
HR, beats/min 60 � 8 60 � 8 58 � 8 68 � 10 59 � 8 64 � 7 65 � 9 60 � 9 79 � 10 62 � 8
QRS, ms 91 � 11 92 � 11 90 � 10 91 � 11 91 � 11 92 � 11 93 � 12 92 � 11 93 � 12 92 � 12
QT, ms 433 � 24 425 � 22 435 � 25 424 � 30 433 � 25 421 � 21 401 � 20* 427 � 19 413 � 22 416 � 22
QTc, ms 433 � 17 424 � 19 430 � 24 440 � 22 430 � 19 431 � 17 411 � 15* 426 � 19 448 � 22 420 � 15
Ramp, mV 3.2 � 0.9 3.1 � 0.8 3.1 � 0.9 3.1 � 0.8 3.1 � 0.8 3.2 � 1 3.3 � 0.8 3.2 � 0.9 3.4 � 0.9 3.3 � 0.8
Tamp, mV 1.1 � 0.6 1.2 � 0.6 1.2 � 0.6 1.1 � 0.6 1.2 � 0.6 1 � 0.5 1.1 � 0.6 1.1 � 0.6 1 � 0.6 1.2 � 0.6

Exercise
HR, beats/min 61 � 6 88 � 8 101 � 12 90 � 16 79 � 11 62 � 9 95 � 10* 105 � 11 98 � 11 80 � 11
QRS, ms 91 � 11 92 � 12 95 � 11 93 � 13 93 � 13 91 � 12 93 � 13 94 � 11 93 � 10 93 � 11
QT, ms 431 � 23 396 � 25 345 � 22 349 � 28 382 � 28 429 � 22 392 � 35 336 � 21 348 � 20 376 � 26
QTc, ms 433 � 18 444 � 17 464 � 54 418 � 41 422 � 27 433 � 20 479 � 67* 473 � 43 450 � 51 412 � 19
Ramp, mV 3.2 � 0.9 3.3 � 0.8 3.3 � 0.8 3.1 � 0.8 3.1 � 0.8 3.2 � 0.8 3.3 � 0.7 3.4 � 0.7 3.3 � 0.8 3.2 � 0.7
Tamp, mV 1 � 0.5 1 � 0.5 1.1 � 0.5 1.2 � 0.4 1.2 � 0.5 1.1 � 0.5 0.9 � 0.5 1.1 � 0.5 1.2 � 0.5 1.2 � 0.5

Values are group means over each phase (baseline, exposure 1 min, exposure 25 min, recovery 1 min, and recovery 3 min) � SD; n � 16 patients. Neutral
environment (�22°C); cold environment (�15°C). HR, heart rate; QRS; Duration of QRS; QT, QT interval; QTc, corrected; Ramp, R peak amplitude; Tamp, T
peak amplitude. *P � 0.05 vs. �22°C.
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ble shift from vagal dominance at rest to augmented sympa-
thetic activity while exercising in the cold. In summary, the
findings of only a slightly higher RPP but mainly unaltered
ECG indices are consistent with each other.

Exercise of certain intensity and duration may result in
postexercise hypotension among healthy individuals (38), hy-
pertensive individuals (37), and individuals with CAD (29).
This recovery response could be further affected by cold-
related effects on autonomic nervous function (17). To our
knowledge, there are no cold-related studies assessing BP
involving longer postexercise follow-up or involving patients
with CAD. Our study showed comparable postexercise BP
responses when followed for 45 min regardless of prior expo-
sure-temperature. In line with previous research conducted at
neutral environment temperatures (29, 37), our study also
demonstrated large interindividual variation. In the present
study, SBP of patients with CAD remained elevated for 30 min
following rest in cold. This is probably due to sustained
vasoconstriction and supported by the detected lower skin
temperatures.

Strength and Limitations

The strengths of this study include a comprehensive study
design where both the level of thermal exposure and exercise
were strictly controlled. Furthermore, each subject served as
his own control, through participating in all of the four differ-
ent experiments conditions. Such a design improves accuracy
of the statistical analyses by eliminating any potential con-
founding effects because of interindividual variation. In addi-
tion, randomization of the trials reduces any possible order
effect. Finally, strict selection of participants helps reducing
confounding from other causes than those related to cardiovas-
cular diseases (CAD and hypertension).

For safety reasons we did not cease medication during the
experiments. The main effects of this would be lowering of HR
and BP, which is also likely reflected in the observed responses
to the intervention. However, for individual patients the effect
of the experimental intervention remains the same, as medica-
tion was unaltered during the experiments. Furthermore, as
each of the patients often used more than one type of medica-
tion, the effects of any single agent on the observed cardiovas-
cular responses cannot be distinguished. By not withholding
medication, we were able to evaluate cardiovascular responses
to individuals who are being treated for CAD, rather than
evaluating the direct effects of CAD in the absence of medical
treatment.

Perspectives and Significance

The current guidelines for health-enhancing exercise for
patients with CAD suggest regular aerobic exercise to be
performed for a sufficient duration at a time. Despite a slightly
higher cardiac workload observed in the present study during
exercise in the cold, no significant signs of impaired cardiac
function were observed. The obtained results are applicable to
a relatively healthy population of patients with stable CAD,
who are asymptomatic and do not demonstrate marked ECG
alterations during exercise. The observation suggests that year-
round health enhancing submaximal exercise may be an appli-
cable treatment for patients with stable CAD, also in climates
involving recurrent exposures to low environmental tempera-

tures. However, given the substantial evidence on the adverse
cardiovascular outcomes associated with cold weather (13), we
would suggest further research involving different types of
exercise (in terms of form and intensity) and taking into
account issues such as disease severity, comorbidity, and
medication related to CAD. The produced research information
can be useful for health care professionals and rehabilitation
experts in advising their clients of healthy and safe wintertime
exercise as a way to promote health of cardiac patients. The
expected benefits for the patients include maintaining and
improving their functional and working ability during the cold
season.
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Corrà U, Benzer W, Bjarnason-Wehrens B, Dendale P, Gaita D,
McGee H, Mendes M, Niebauer J, Zwisler AD, Schmid JP; European
Association of Cardiovascular Prevention and Rehabilitation Com-
mittee for Science Guidelines; EACPR; Document Reviewers. Second-
ary prevention through cardiac rehabilitation: physical activity counselling
and exercise training: key components of the position paper from the
Cardiac Rehabilitation Section of the European Association of Cardiovas-
cular Prevention and Rehabilitation. Eur Heart J 31: 1967–1974, 2010.
doi:10.1093/eurheartj/ehq236.

9. Dodds PA, Bellamy CM, Muirhead RA, Perry RA. Vasoconstrictor
peptides and cold intolerance in patients with stable angina pectoris. Br
Heart J 73: 25–31, 1995. doi:10.1136/hrt.73.1.25.

10. Doubt TJ. Physiology of exercise in the cold. Sports Med 11: 367–381,
1991. doi:10.2165/00007256-199111060-00003.

11. Duncker DJ, Bache RJ. Regulation of coronary blood flow during
exercise. Physiol Rev 88: 1009–1086, 2008. doi:10.1152/physrev.00045.
2006.

13. Fares A. Winter cardiovascular diseases phenomenon. N Am J Med Sci 5:
266–279, 2013. doi:10.4103/1947-2714.110430.

14. Fletcher GF, Ades PA, Kligfield P, Arena R, Balady GJ, Bittner
VA, Coke LA, Fleg JL, Forman DE, Gerber TC, Gulati M, Madan
K, Rhodes J, Thompson PD, Williams MA; American Heart Asso-
ciation Exercise, Cardiac Rehabilitation, and Prevention Commit-
tee of the Council on Clinical Cardiology, Council on Nutrition,
Physical Activity and Metabolism, Council on Cardiovascular and
Stroke Nursing, and Council on Epidemiology and Prevention.
Exercise standards for testing and training: a scientific statement from the
American Heart Association. Circulation 128: 873–934, 2013. doi:10.
1161/CIR.0b013e31829b5b44.

15. Gasparrini A, Guo Y, Hashizume M, Lavigne E, Zanobetti A,
Schwartz J, Tobias A, Tong S, Rocklöv J, Forsberg B, Leone M, De
Sario M, Bell ML, Guo YL, Wu CF, Kan H, Yi SM, de Sousa Zanotti
Stagliorio Coelho M, Saldiva PH, Honda Y, Kim H, Armstrong B.
Mortality risk attributable to high and low ambient temperature: a multi-
country observational study. Lancet 386: 369–375, 2015. doi:10.1016/
S0140-6736(14)62114-0.

16. Gobel FL, Norstrom LA, Nelson RR, Jorgensen CR, Wang Y. The
rate-pressure product as an index of myocardial oxygen consumption
during exercise in patients with angina pectoris. Circulation 57: 549–556,
1978. doi:10.1161/01.CIR.57.3.549.

17. Greaney JL, Kenney WL, Alexander LM. Neurovascular mechanisms
underlying augmented cold-induced reflex cutaneous vasoconstriction in
human hypertension. J Physiol 595: 1687–1698, 2017. doi:10.1113/
JP273487.

18. Hattenhaur M, Neill WA. The effect of cold air inhalation on again
pectoris and myocardial oxygen supply. Circulation 51: 1053–1058, 1975.
doi:10.1161/01.CIR.51.6.1053.

19. Hintsala H, Kandelberg A, Herzig KH, Rintamäki H, Mäntysaari M,
Rantala A, Antikainen R, Keinänen-Kiukaanniemi S, Jaakkola JJ,
Ikäheimo TM. Central aortic blood pressure of hypertensive men during
short-term cold exposure. Am J Hypertens 27: 656–664, 2014. doi:10.
1093/ajh/hpt136.

20. Hintsala H, Kenttä TV, Tulppo M, Kiviniemi A, Huikuri HV, Män-
tysaari M, Keinänen-Kiukaannemi S, Bloigu R, Herzig KH, Anti-
kainen R, Rintamäki H, Jaakkola JJ, Ikäheimo TM. Cardiac repolar-
ization and autonomic regulation during short-term cold exposure in
hypertensive men: an experimental study. PLoS One 9: e99973, 2014.
doi:10.1371/journal.pone.0099973.

21. Hirzel HO, Leutwyler R, Krayenbuehl HP. Silent myocardial ischemia:
hemodynamic changes during dynamic exercise in patients with proven
coronary artery disease despite absence of angina pectoris. J Am Coll
Cardiol 6: 275–284, 1985. doi:10.1016/S0735-1097(85)80160-1.

22. Ikäheimo TM. Cardiovascular diseases, cold exposure and exercise.
Temperature 5: 123–146, 2018.

23. International Organization for Standardization. ISO 10551:1995. Er-
gonomics of the thermal environment. Assessment of the influence of the
thermal environment using subjective judgement scales. 1995.

24. International Organization for Standardization. ISO 9886. Evaluation
of thermal strain by physiological measurements.[Standard revision ISO
9886:2004: https://www.iso.org/standard/17767.html.] 1991.

25. Juneau M, Johnstone M, Dempsey E, Waters DD. Exercise-induced
myocardial ischemia in a cold environment. Effect of antianginal medi-
cations. Circulation 79: 1015–1020, 1989. doi:10.1161/01.CIR.79.5.1015.

26. Juneau M, Larivée L, White M. Cold temperature impairs maximal
exercise performance in patients with heart failure: attenuation by acute
ACE inhibitor therapy. Can J Cardiol 18: 981–986, 2002.

27. Karjalainen J, Viitasalo M, Mänttäri M, Manninen V. Relation be-
tween QT intervals and heart rates from 40 to 120 beats/min in rest
electrocardiograms of men and a simple method to adjust QT interval
values. J Am Coll Cardiol 23: 1547–1553, 1994. doi:10.1016/0735-
1097(94)90654-8.

28. Kerber RE, Miller RA, Najjar SM. Myocardial ischemic effects of
isometric, dynamic and combined exercise in coronary artery disease.
Chest 67: 388–394, 1975. doi:10.1378/chest.67.4.388.

29. Kiviniemi AM, Hautala AJ, Karjalainen JJ, Piira OP, Lepojärvi S,
Ukkola O, Huikuri HV, Tulppo MP. Acute post-exercise change in
blood pressure and exercise training response in patients with coronary
artery disease. Front Physiol 5: 526, 2015. doi:10.3389/fphys.2014.00526.

30. Kligfield P, Lax KG, Okin PM. QT interval-heart rate relation during
exercise in normal men and women: definition by linear regression
analysis. J Am Coll Cardiol 28: 1547–1555, 1996. doi:10.1016/S0735-
1097(96)00351-8.

31. Kujala UM. Evidence on the effects of exercise therapy in the treatment
of chronic disease. Br J Sports Med 43: 550–555, 2009. doi:10.1136/bjsm.
2009.059808.

32. Lassvik CT, Areskog NH. Angina in cold environment. Reactions to
exercise. Br Heart J 42: 396–401, 1979. doi:10.1136/hrt.42.4.396.

33. Lassvik C, Areskog NH. Angina pectoris during inhalation of cold air.
Reactions to exercise. Br Heart J 43: 661–667, 1980. doi:10.1136/hrt.43.
6.661.

34. Lassvik C, Areskog NH. Effects of various environmental temperatures
on effort angina. Ups J Med Sci 84: 173–180, 1979. doi:10.3109/
03009737909179153.

35. Laukkanen JA, Kurl S, Lakka TA, Tuomainen TP, Rauramaa R,
Salonen R, Eränen J, Salonen JT. Exercise-induced silent myocardial
ischemia and coronary morbidity and mortality in middle-aged men. J Am
Coll Cardiol 38: 72–79, 2001. doi:10.1016/S0735-1097(01)01311-0.

36. Liu C, Yavar Z, Sun Q. Cardiovascular response to thermoregulatory
challenges. Am J Physiol Heart Circ Physiol 309: H1793–H1812, 2015.
doi:10.1152/ajpheart.00199.2015.

37. Liu S, Goodman J, Nolan R, Lacombe S, Thomas SG. Blood
pressure responses to acute and chronic exercise are related in prehy-
pertension. Med Sci Sports Exerc 44: 1644 –1652, 2012. doi:10.1249/
MSS.0b013e31825408fb.

38. MacDonald JR. Potential causes, mechanisms, and implications of post
exercise hypotension. J Hum Hypertens 16: 225–236, 2002. doi:10.1038/
sj.jhh.1001377.

39. Maebuchi D, Arima H, Doi Y, Ninomiya T, Yonemoto K, Tanizaki Y,
Kubo M, Hata J, Matsumura K, Iida M, Kiyohara Y. QT interval
prolongation and the risks of stroke and coronary heart disease in a general
Japanese population: the Hisayama study. Hypertens Res 33: 916–921,
2010. doi:10.1038/hr.2010.88.

40. Manou-Stathopoulou V, Goodwin CD, Patterson T, Redwood SR,
Marber MS, Williams RP. The effects of cold and exercise on the
cardiovascular system. Heart 101: 808–820, 2015. doi:10.1136/heartjnl-
2014-306276.

41. Marchant B, Donaldson G, Mridha K, Scarborough M, Timmis AD.
Mechanisms of cold intolerance in patients with angina. J Am Coll Cardiol
23: 630–636, 1994. doi:10.1016/0735-1097(94)90747-1.

42. Meyer P, Guiraud T, Curnier D, Juneau M, Gayda M, Nozza A,
Nigam A. Exposure to extreme cold lowers the ischemic threshold in
coronary artery disease patients. Can J Cardiol 26: e50–e53, 2010.
doi:10.1016/S0828-282X(10)70007-6.

43. Modesti PA. Season, temperature and blood pressure: a complex interac-
tion. Eur J Intern Med 24: 604–607, 2013. doi:10.1016/j.ejim.2013.08.
002.

44. Neill WA, Duncan DA, Kloster F, Mahler DJ. Response of coronary
circulation to cutaneous cold. Am J Med 56: 471–476, 1974. doi:10.1016/
0002-9343(74)90478-1.

45. Nesto RW, Lamas GA, Barry J. Paradoxical elevation of threshold to
angina pectoris by cold pressor test in men with significant coronary artery
disease. Am J Cardiol 63: 656–659, 1989. doi:10.1016/0002-9149(89)
90246-4.

46. Paton JF, Boscan P, Pickering AE, Nalivaiko E. The yin and yang of
cardiac autonomic control: vago-sympathetic interactions revisited. Brain

R775CORONARY ARTERY DISEASE, COLD, AND EXERCISE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00069.2018 • www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.158.036) on October 13, 2020.

https://doi.org/10.1093/eurheartj/ehq236
https://doi.org/10.1136/hrt.73.1.25
https://doi.org/10.2165/00007256-199111060-00003
https://doi.org/10.1152/physrev.00045.2006
https://doi.org/10.1152/physrev.00045.2006
https://doi.org/10.4103/1947-2714.110430
https://doi.org/10.1161/CIR.0b013e31829b5b44
https://doi.org/10.1161/CIR.0b013e31829b5b44
https://doi.org/10.1016/S0140-6736%2814%2962114-0
https://doi.org/10.1016/S0140-6736%2814%2962114-0
https://doi.org/10.1161/01.CIR.57.3.549
https://doi.org/10.1113/JP273487
https://doi.org/10.1113/JP273487
https://doi.org/10.1161/01.CIR.51.6.1053
https://doi.org/10.1093/ajh/hpt136
https://doi.org/10.1093/ajh/hpt136
https://doi.org/10.1371/journal.pone.0099973
https://doi.org/10.1016/S0735-1097%2885%2980160-1
https://doi.org/10.1161/01.CIR.79.5.1015
https://doi.org/10.1016/0735-1097%2894%2990654-8
https://doi.org/10.1016/0735-1097%2894%2990654-8
https://doi.org/10.1378/chest.67.4.388
https://doi.org/10.3389/fphys.2014.00526
https://doi.org/10.1016/S0735-1097%2896%2900351-8
https://doi.org/10.1016/S0735-1097%2896%2900351-8
https://doi.org/10.1136/bjsm.2009.059808
https://doi.org/10.1136/bjsm.2009.059808
https://doi.org/10.1136/hrt.42.4.396
https://doi.org/10.1136/hrt.43.6.661
https://doi.org/10.1136/hrt.43.6.661
https://doi.org/10.3109/03009737909179153
https://doi.org/10.3109/03009737909179153
https://doi.org/10.1016/S0735-1097%2801%2901311-0
https://doi.org/10.1152/ajpheart.00199.2015
https://doi.org/10.1249/MSS.0b013e31825408fb
https://doi.org/10.1249/MSS.0b013e31825408fb
https://doi.org/10.1038/sj.jhh.1001377
https://doi.org/10.1038/sj.jhh.1001377
https://doi.org/10.1038/hr.2010.88
https://doi.org/10.1136/heartjnl-2014-306276
https://doi.org/10.1136/heartjnl-2014-306276
https://doi.org/10.1016/0735-1097%2894%2990747-1
https://doi.org/10.1016/S0828-282X%2810%2970007-6
https://doi.org/10.1016/j.ejim.2013.08.002
https://doi.org/10.1016/j.ejim.2013.08.002
https://doi.org/10.1016/0002-9343%2874%2990478-1
https://doi.org/10.1016/0002-9343%2874%2990478-1
https://doi.org/10.1016/0002-9149%2889%2990246-4
https://doi.org/10.1016/0002-9149%2889%2990246-4


Res Brain Res Rev 49: 555–565, 2005. doi:10.1016/j.brainresrev.2005.02.
005.

47. Peart I, Bullock RE, Albers C, Hall RJ. Cold intolerance in patients with
angina pectoris: effect of nifedipine and propranolol. Br Heart J 61:
521–528, 1989. doi:10.1136/hrt.61.6.521.

48. Pérgola PE, Johnson JM, Kellogg DLJ JR, Kosiba WA. Control of skin
blood flow by whole body and local skin cooling in exercising humans.
Am J Physiol Heart Circ Physiol 270: H208–H215, 1996. doi:10.1152/
ajpheart.1996.270.1.H208.

49. Pétersen CL, Hansen A, Frandsen E, Strange S, Jonassen O, Nielsen JR,
Dige-Petersen H, Hesse B. Endothelin release and enhanced regional myo-
cardial ischemia induced by cold-air inhalation in patients with stable angina.
Am Heart J 128: 511–516, 1994. doi:10.1016/0002-8703(94)90624-6.

50. Rintamäki H. Performance and energy expenditure in cold environments.
Alaska Med 49, Suppl: 245–246, 2007.

51. Rosengren A, Wennerblom B, Bjurö T, Wilhelmsen L, Bake B. Effects
of cold on ST amplitudes and blood pressure during exercise in angina

pectoris. Eur Heart J 9: 1074–1080, 1988. doi:10.1093/oxfordjournals.
eurheartj.a062402.

52. Ryti NRI, Mäkikyrö EMS, Antikainen H, Hookana E, Junttila MJ,
Ikäheimo TM, Kortelainen ML, Huikuri HV, Jaakkola JJK. Risk of
sudden cardiac death in relation to season-specific cold spells: a case-
crossover study in Finland. BMJ Open 7: e017398, 2017. doi:10.1136/
bmjopen-2017-017398.

53. Shvartz E, Reibold RC. Aerobic fitness norms for males and females
aged 6 to 75 years: a review. Aviat Space Environ Med 61: 3–11, 1990.

54. Wang Q, Li C, Guo Y, Barnett AG, Tong S, Phung D, Chu C, Dear K,
Wang X, Huang C. Environmental ambient temperature and blood
pressure in adults: A systematic review and meta-analysis. Sci Total
Environ 575: 276–286, 2017. doi:10.1016/j.scitotenv.2016.10.019.

55. Zeiher AM, Drexler H, Wollschlaeger H, Saurbier B, Just H. Coronary
vasomotion in response to sympathetic stimulation in humans: importance
of the functional integrity of the endothelium. J Am Coll Cardiol 14:
1181–1190, 1989. doi:10.1016/0735-1097(89)90414-2.

R776 CORONARY ARTERY DISEASE, COLD, AND EXERCISE

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00069.2018 • www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu at Universiteit Maastricht (137.120.158.036) on October 13, 2020.

https://doi.org/10.1016/j.brainresrev.2005.02.005
https://doi.org/10.1016/j.brainresrev.2005.02.005
https://doi.org/10.1136/hrt.61.6.521
https://doi.org/10.1152/ajpheart.1996.270.1.H208
https://doi.org/10.1152/ajpheart.1996.270.1.H208
https://doi.org/10.1016/0002-8703%2894%2990624-6
https://doi.org/10.1093/oxfordjournals.eurheartj.a062402
https://doi.org/10.1093/oxfordjournals.eurheartj.a062402
https://doi.org/10.1136/bmjopen-2017-017398
https://doi.org/10.1136/bmjopen-2017-017398
https://doi.org/10.1016/j.scitotenv.2016.10.019
https://doi.org/10.1016/0735-1097%2889%2990414-2

