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ABSTRACT

Background. Exercise training represents a central aspect of rehabilitation of heart failure
(HF) patients. Previous work on passive heating suggests impaired thermoregulatory
responses in HF patients. However, no previous study directly examined thermoregulatory
responses to an exercise bout, i.e. active heating, as typically applied in rehabilitation settings
in HF.

Design. Cross-sectional observational study to compare changes in core body temperature
(Tcore) and skin temperature (Tskin) during cycling exercise between HF patients and
controls.

Methods. Fourteen HF subjects (65+7 yrs, 13:1 male:female) and 14 healthy controls (61+5
yrs, 12:2 male:female) were included. Tcore (telemetric temperature pill) and Tskin (skin
thermistors) were measured continuously during a 45-minute cycle exercise bout at
comparable relative exercise intensity.

Results. Tcore increased to a similar extend in both groups (controls 1.1+0.4°C, HF
0.9+0.3°C, ‘time*group’: P=0.149). Tskin decreased during the initial phase of exercise in
both groups, followed by an increase in Tskin in controls (1.2+1.0°C), whilst Tskin remained
low in HF patients (-0.3£1.4°C) (‘time*group’: P<0.001). Furthermore, we found that a given
change in Tcore was associated with a smaller increase in Tskin in HF compared to controls.
When comparing HF patients and controls who performed exercise at similar absolute
workload, between-group differences disappeared (P-values >0.05).

Conclusion. HF patients and controls show a comparable exercise-induced increase in Tcore,
whilst HF patients demonstrate altered Tskin responses to exercise and attenuated elevation in
Tskin per increase in Tcore. These impaired thermoregulatory responses to exercise are, at

least partly, explained by the low physical fitness level in HF patients.
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INTRODUCTION

Physical fitness is an important factor in the progression and prognosis of heart failure (HF)
patients (1). Therefore, exercise programs are increasingly important in cardiac rehabilitation
and HF patients are recommended to perform regular physical activity (2). However, HF
patients are limited in their exercise performance, as a result of a reduced myocardial function
and abnormalities of peripheral tissues that prevent sufficient blood supply to active muscles
during exercise (3). Furthermore, disturbed thermoregulatory responses during exercise may

limit performance in HF patients (4-6).

In healthy subjects, core body temperature (Tcore) rises during exercise as a result of the
production of heat in active muscles (7). Consequently, cutaneous perfusion, skin temperature
(Tskin) and sweat production will increase to dissipate heat (7). Studies that have examined
changes in Tcore and Tskin in HF patients during exercise have largely focused on the initial
responses during exercise. During the onset of exercise, a paradoxical decrease in core body
temperature is observed in HF patients compared to healthy subjects (4, 6), possibly as a
result of redistribution of cooler blood from the skin to the core. In addition, HF patients show
excessive cutaneous vasoconstriction and a persistent decline in Tskin compared to controls
(4, 5). However, these exercise studies adopted a short (<11 min) period of exercise at low
absolute intensity, leading to low heat production. As thermoregulatory responses are more
important during prolonged exercise, these previous studies provide only limited insight into

the potential impact of HF on changes in Tcore and Tskin during exercise.

To date no previous study comprehensively examined the thermoregulatory responses in HF
patients to a typical bout of exercise training as applied in cardiac rehabilitation. Therefore,

the main question of our study was whether HF patients and healthy controls differ in
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thermoregulatory responses during a moderate intensity endurance exercise bout. To study
this, we measured changes in Tcore and Tskin during a 45-minute cycle exercise bout at
comparable relative exercise intensity in HF patients and controls. We hypothesize that
exercise in HF patients leads to a larger increase in Tcore and lower Tskin compared to
healthy controls, suggesting an impaired thermoregulatory response to exercise in HF

patients.

METHODS

Subjects

Fourteen patients with HF (657 yrs, 13:1 male:female) NYHA class II/l1ll and a left
ventricular ejection fraction (LVEF) lower than 45% were recruited from the departments of
Cardiology of the Radboud university medical center and the Canisius Wilhelmina hospital
(Nijmegen, The Netherlands) (Table 1). Furthermore, we recruited 14 healthy controls (61+5
yrs, 12:2 male:female) from the local population (Table 1). We included patients who were in
a pharmacologically and clinically stable situation for at least one month. One patient
increased the dosage of fosinopril one week prior to the measurements. Control subjects had
to be free of cardiovascular diseases and medication affecting the cardiovascular system. All
subjects were non-diabetic. This study was approved by the Medical Ethical Committee of the
Radboud university medical center (CMO Arnhem-Nijmegen, 2012/355) and complies with
the Declaration of Helsinki. Written informed consent was obtained from each subject before

participation in this study.

Experimental protocol
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Subjects reported to the laboratory twice. On day 1, a medical screening was performed after
which subjects underwent a maximal incremental cycling test to determine physical fitness.
On day 2, subjects were instructed to ingest the telemetric temperature pill six hours prior to
testing to ensure stable and valid recording of Tcore (8). The measurements were performed
in a temperature-controlled room (21.9 + 0.8 °C). After instrumentation, subjects rested in the
supine position for 10 minutes, followed by measurement of blood pressure and heart rate.
Subsequently, subjects were positioned on the cycle ergometer for moderate intensity cycling
exercise. The exercise protocol started with a 10-minute warm-up, followed by 30 minutes of
moderate intensity exercise, and concluded by a 5-minute cooling down. During the study
protocol we continuously measured: 1. Tcore, 2. average Tskin (4-point measurement), 3. skin

temperature gradient between forearm and finger (TSKrorearm-finger), @nd 4. heart rate.

Day 1: Medical screening and maximal incremental cycling test

Medical screening consisted of a medical history and a physical examination in which blood
pressure and heart frequency were obtained. Furthermore, body weight and height were
measured to calculate body mass index (BMI) and body surface area (BSA) using the Du Bois
formula, and skin fold thickness was measured to estimate body fat percentage.

The incremental maximal cycling test was performed on a cycle ergometer (Lode, Excalibur
v1.52, 1991, Groningen, the Netherlands/Ergoline, Ergoselect 200k, Bitz, Germany). After a
2-minute baseline measurement, subjects started cycling and workload was increased by 10-
25 Watt per minute, depending on the sex, age and height of the participant. Subjects were
instructed to pedal at a frequency of >60 rpm until volitional exhaustion. During the maximal
exercise test we continuously measured oxygen consumption (breath-by-breath, CPET

Cosmed v9.1b, Rome, Italy/LabManager V5.32.0), to determine peak oxygen uptake



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

Benda et al. Thermoregulatory responses to exercise in heart failure

(VOgzpeax), Which was defined as the average oxygen uptake during the last 30 seconds of the

exercise test.

Day 2: Cycle exercise bout

A 10-minute warm-up at a heart frequency corresponding with 40% of VO Was
performed, followed by 30-minute moderate intensity exercise at 65% of VOgpeak. A 5-minute
cooling down at 30% of VOypeak concluded each session. To verify exercise intensity, heart
rate was registered continuously using a heart rate monitor (Polar Electro Oy, Kempele,
Finland). At the end of the warm-up and at 10-minute intervals, we assessed the rate of

perceived exertion using the Borg score (scale 6-20) (9).

Tcore and Tskin measurements

To measure Tcore, subjects ingested a telemetric temperature pill (CorTemp Wireless
Monitoring System, HQ Inc., Palmetto, USA). Tcore was recorded every 30 seconds and
transmitted to a receiver which was worn in a pouch around the waist. Previous studies
demonstrated that this method is reliable and valid in rest and during exercise (8).

Tskin was measured every 30 seconds using iButtons (Thermochron iButton DS1291H,
Maxim, Dallas, United States). Skin thermistors were attached to the skin using medical tape
at the left hand (dorsal side), right scapula, right shin (at the fibula head) and neck to calculate
mean Tskin according to the 1ISO 9886 guidelines; a weighted average of the neck (0.28), left
hand (0.16), right scapula (0.28) and right shin (0.28) (10). Moreover, Tskin was also
registered at the right lower arm and middle fingertip (ventral side) to calculate TsKinsorearm-
finger, @ Qualitative index of peripheral perfusion during steady state exercise (11). This is a

validated index of peripheral cutaneous vasomotor tone during steady-state exercise (11).
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Tcore and Tskin data were analysed using custom made software (Fysitemp, Radboudumc,
Nijmegen, The Netherlands) based on Matlab (Matlab R2008a, MathWorks, Natick, MA).
Baseline values were determined from the average over 5 minutes preceding exercise. As
previous work found changes in thermoregulatory responses during exercise of short duration
(<11min) (4, 6), Tcore and Tskin values were averaged over 2-minute intervals during the
first 10 minutes of exercise (warm-up). Thereafter, 5-minute intervals were calculated during
the remainder of the exercise bout. To explore the relationship between exercise-induced

increases in Tcore and changes in Tskin, Tskin was plotted against changes in Tcore.

Statistical analysis

Baseline characteristics of HF patients and controls were compared using independent
Student’s t tests. A 2-way repeated measures ANOVA was used to examine whether exercise-
induced changes in Tcore and Tskin across time (‘time’; within-subject factor) differed
between HF patients and healthy controls (‘group’; between-subject factor, ‘time*group’;
interaction effect). When a significant main or interaction effect was observed, Least Square
Difference post-hoc tests were used to identify differences. Due to a potential difference in
absolute workload between the HF patient and control group, we included a subgroup analysis
with comparable absolute workloads. Data were presented as mean+SD unless stated

otherwise. Significance level was set at P<0.05.

RESULTS
Subject characteristics
HF patients demonstrated a higher BMI and a lower VOapeax compared to controls, whilst no

significant differences between groups were found for age, body weight, BSA, and systolic
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and diastolic blood pressure (Table 1). We included 8 HF patients with ischemic HF and 6
with non-ischemic HF. Cardiovascular medication use by HF patients is presented in Table 1.
Both groups exercised at comparable relative intensity (%max workload) and rate of
perceived exertion (Table 1). Absolute workload of the cycle exercise bout was significantly

higher in controls compared to HF patients (Table 1).

Thermoregulatory responses to exercise

Tcore. Tcore measurements were performed in 5 HF patients and 12 controls due to specific
contra-indications of the telemetric pill (e.g. pacemaker) (12). Tcore was comparable for HF
patients and controls at baseline (P=0.901). After the onset of exercise, Tcore gradually
increased in both groups to a similar extend (controls 1.1+0.4°C, HF 0.9+0.3°C,
‘time*group’-interaction: P=0.149, Figure 1A).

Tskin. At baseline, Tskin was comparable between groups (P=0.477). Tskin decreased during
the initial phase of exercise in both groups (Figure 1B). In control subjects, Tskin returned to
baseline values after 30 minutes, whilst in HF patients Tskin remained low throughout the
exercise period (‘time*group’-interaction: P<0.001, Figure 1B). When exercise-induced
changes in Tskin are plotted against changes in Tcore, control subjects showed a larger
increase in Tskin for a given increase in Tcore compared to HF patients (Figure 2A).
TsKiNforearm-finger- TSKiNforearm-finger Was comparable between both groups at baseline. Controls
showed a persistent decrease in this index during exercise, indicative of an increase in
cutaneous blood flow, which was not present in HF patients (‘time*group’-interaction:

P=0.019).

Subgroup analysis. In our subanalysis, HF patients with the highest workload (male:female

8:0, 637 yrs) and control subjects with the lowest workload (male:female 3:2, 64+7 yrs)

10
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were included, allowing us to correct for differences in workload. These groups exercised at
comparable workload (89+15W and 90+£22W respectively, P=0.891). Tcore demonstrated a
comparable exercise-induced increase in HF patients and controls (‘group’-effect; P=0.830,
‘time*group’-interaction; P=0.471, Figure 1C). Tskin decreased during the initial phase of
exercise, after which Tskin increased to baseline values after 40 minutes of exercise (‘time’-
effect; P<0.001, Figure 1D). This change was similarly present in HF patients and controls
(‘group’-effect; P=0.176, ‘time*group’-interaction; P=0.307, Figure 1D). When changes in
Tskin are plotted against exercise-induced changes in Tcore, HF patients show a similar

pattern as controls (Figure 2B).

DISCUSSION

This study compared thermoregulatory responses to moderate intensity cycle exercise
between HF patients and healthy controls. First, we found that HF patients and controls show
a comparable increase in Tcore when exercise is performed at comparable relative exercise
intensity (but lower absolute workload). Second, after an initial decrease in Tskin at the onset
of exercise, controls demonstrate an increase in Tskin towards baseline values, whilst Tskin
remains low in HF patients. Furthermore, when analysing the relation between Tcore and
Tskin, HF patients consistently demonstrate an attenuated increase in Tskin for a given
increase in Tcore during exercise. These differences in Tcore and Tskin responses to exercise
disappear when examining a subgroup of controls and HF patients who performed cycle

exercise at comparable absolute workload.

When exercise is performed at similar relative exercise intensity, a comparable and gradual

increase in core body temperature is observed in HF patients and their controls. In line with

11
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previous work (4, 6), these changes in core body temperature are accompanied by distinct
changes in skin temperature between HF and controls at the start of exercise. However, we
importantly extend these previous findings by demonstrating that these differences in skin
temperature responses to exercise remain present when continuing exercise. More
specifically, similar to previous literature we found that healthy subjects demonstrate skin
temperature to return to (or even exceed) baseline skin temperature after the initial drop (4,
13). In contrast, HF patients demonstrate a consistent decreased skin temperature throughout
the exercise bout. The absence of a normalization of skin temperature may relate to an
inability to increase skin perfusion. As an index of cutaneous vasomotor function during
exercise, we measured TsKinforearm-finger (11). In line with previous work in healthy volunteers
using laser-Doppler (14), the decrease in TsKinforearm-finger INdeX in healthy controls reflects
forearm skin vasodilation during cycling exercise. In contrast, exercise in HF patients did not
evoke a change in TsKinforearm-finger INd€X, suggesting an impaired skin perfusion in response to

moderate intensity cycle exercise in HF patients.

To provide further insight into the impact of exercise on thermoregulation, we examined the
relation between a change in core body temperature and change in skin temperature, and
observed that a given increase in Tcore was associated with an attenuated increase in Tskin.
Similar comparisons were performed in previous studies that have examined changes in core
and skin temperature in HF patients and controls during passive heating (15). In agreement
with our exercise-based study, these previous studies suggest the presence of an attenuated
increase in skin perfusion for a given increase in Tcore in HF patients. Accordingly, these
observations support the presence of impaired thermoregulatory responses to passive heat

exposure as well as exercise-related heat generation in HF patients.

12
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The impaired thermoregulatory responses during exercise in HF patients may relate to
impairment of cutaneous vascular function, which has been described in several previous
reports (16, 17). These vascular impairments may lead to the attenuated exercise-induced skin
vasodilation. A second explanation for our observations may relate to the enhanced
sympathetic tone in HF (18). Skin sympathetic nerve activity is found to contribute to
thermoregulatory responses in humans (19). The increased sympathetic tone in HF patients
under resting conditions, but also the exaggerated sympathetic activation during exercise (20,
21), may interfere with the normal skin blood flow and temperature responses to exercise.
Another explanation is that the impaired cardiac output reserve in HF patients is a limiting
factor, since this may lead to an attenuated blood supply to the skin (as HF patients need to
centralize their circulatory volume to increase cardiac output). This latter hypothesis is
supported by the observation of preserved thermoregulatory responses to prolonged walking

exercise in cardiac patients with preserved left ventricle ejection fraction (22).

Whilst elevation in core body temperature during exercise relates to the relative exercise
intensity (23, 24), others have suggested an important role for the absolute level of exercise as
this is related to the amount of heat generation (25, 26). Given the marked differences in
physical fitness level between HF patients and controls, absolute workload in HF patients was
~60% of that in control subjects (Table 1). Therefore, we performed a subgroup analysis in
subjects with comparable absolute workload. Interestingly, comparable changes in Tcore and
Tskin were observed during exercise between these subgroups. This suggests that, at least
some of the differences can be explained by an a priori difference in workload, which is a
direct result of difference in physical fitness level. The subgroup analysis indeed included
relatively fit HF patients, in combination with moderately fit controls, resulting in a

comparison of HF patients with fitness levels of ~75% of that of the subgroup of controls

13
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(rather than ~50% in the original comparison). The importance of physical fitness level in
thermoregulatory responses to exercise is reported in several previous reports (14, 27, 28).
Therefore, our additional subanalysis suggests that, at least some of the differences in

thermoregulation to exercise between groups, relate to differences in physical fitness level.

Clinical relevance. Impaired thermoregulatory responses to exercise may place HF patients at
increased risk to develop heat-related problems, but may also contribute to the relative
exercise intolerance in HF patients. Therefore, the altered thermoregulation in HF should be
kept in mind when HF patients are exposed to more challenging thermoregulatory conditions,
such as passive exposure to extreme heat or performing exercise in the heat. Nonetheless, it
should be emphasized that, despite the impaired thermoregulatory responses to exercise, HF
patients were well capable of performing moderate intensity exercise and showed no severe
hyperthermia. Furthermore, a lower physical fitness, in addition to HF per se, contributes to
the impaired thermoregulation during exercise. This may suggest that improving physical
fitness levels (through exercise training) may improve thermoregulatory responses to exercise

in HF patients. Future studies are warranted to explore this clinically relevant hypothesis.

Limitations. An important limitation is that, as a direct consequence of the exclusion criteria
for the use of the telemetry pill, we were only able to measure Tcore in 5 HF patients.
Nonetheless, comparisons in Tcore within and between groups demonstrate significant

changes during exercise.

In conclusion, our findings demonstrate that, despite performing exercise at lower absolute
workload and therefore generating a smaller amount of heat, HF patients have a comparable

increase in core body temperature to a 45-minute moderate intensity cycle exercise bout as

14
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healthy controls. These differences may relate to the distinct exercise-induced changes in skin
temperature, with HF patients reporting an attenuated increase in skin temperature during
exercise. These differences in thermoregulation can, at least partly, be explained by

differences in physical fitness between groups.
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FIGURE LEGENDS

FIGURE 1. A. Core body temperature during exercise in HF patients (n=5) and controls
(n=12). B. Skin temperature during exercise in HF patients (n=14) and controls
(n=14). C. Core body temperature during exercise in subgroup of HF patients (n=4)
and controls (n=5). D. Skin temperature during exercise in subgroup of HF patients

(n=8) and controls (n=5). Error bars represent SE.

FIGURE 2. A. Change in core body temperature related to change in skin temperature during
exercise in HF patients (n=5) and controls (n=12). B. Change in core body
temperature related to change in skin temperature during exercise in subgroup of HF

patients (n=4) and controls (n=5). Error bars represent SE.
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Table

Table 1: Subject characteristics, cardiovascular medication use and exercise characteristics in

HF patients (n=14) and healthy controls (n=14). Data is presented as mean£SD.

HF patients Controls P-value
Subject characteristics
Age (yrs) 6517 61+5 0.06
Sex (male:female) 13:1 12:2 0.54°
Weight (kg) 91+21 79+16 0.12
Height (cm) 17545 17945 0.04
BMI (kg/m?) 29.4+6.7 24.7+4.6 0.04
BSA (m?) 2.06+0.20 1.97+0.18 0.27
Waist-to-hip ratio™ 1.00+0.07 0.92+0.07 0.01
Fat percentage (%) 29+6 25+7 0.17
Systolic blood pressure 130£17 129+15 0.87
(mmHg)
Diastolic blood pressure 81+10 8519 0.29
(mmHg)
Resting heart rate (beats/min) 59+8 60+10 0.76
CPET
Peak heart rate (beats/min) 132418 166+18 <0.001
Peak workload (Watt) 138+31 248166 <0.001
Peak oxygen uptake 19.9+4.1 38.6+11.4 <0.001
(mlO2/min/kg)
Medication use
ACE-inhibitors 9 (64%)
Angiotensin Il receptor 5 (36%)




antagonists

Aldosteron antagonists 10 (71%)
Diuretics 8 (57%)
B-blockers 13 (93%)
Coumarin derivatives 9 (64%)
Antiplatelet drugs 5 (36%)
Statins 11 (79%)

Characteristics exercise bout

Absolute Workload (Watt) 73+23 122429 <0.001
Relative workload (% of max) 53112 5016 0.37
Heart rate (beats/min) 94115 129+17 <0.001
Heart rate (% of peak) 7248 7817 0.04
Relative oxygen uptake 65+14 65+12 0.91
(%VO2peak)

RPE (Borg 6-20), 10min 1242 1242 0.54
RPE (Borg 6-20), 20min 1342 1342 0.62
RPE (Borg 6-20), 30min 1443 1442 0.59

BMI; body mass index. BSA; body surface area. CPET; cardiopulmonary exercise test. ACE;
angiotensine converting enzyme. RPE; rate of perceived exertion. 3Chi-square test was used
to compare the sex distribution between groups. “'data was missing for 1 control subject,

#2data was missing for 1 control subject and 1 HF patient.
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