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Abstract  

 

Dynamic cerebral autoregulation (CA) is challenged by exercise and may become less effective when 

exercise is exhaustive. Exercise may increase arterial glucose concentration, and we evaluated 

whether the cerebrovascular response to exercise is affected by hyperglycemia. The effects of a 

hyperinsulinemic euglycemic (EU) and hyperglycemic clamp (HY) on the cerebrovascular (CVRi) and 

systemic vascular resistance index (SVRi) responses were evaluated in seven healthy subjects at rest 

and during rhythmic handgrip exercise. Transfer function analysis of the dynamic relationship between 

beat-to-beat changes in mean arterial pressure and middle cerebral artery (MCA) mean blood flow 

velocity (Vmean) was used to assess dynamic CA. At rest, SVRi decreased with HY and EU (P<0.01). 

CVRi was maintained with EU but became reduced with HY (11±3%; P<0.01), and MCA Vmean 

increased (P<0.05), whereas brain catecholamine uptake and PaCO2 did not change significantly. HY 

did not affect the normalized low frequency gain between mean arterial pressure and MCA Vmean or 

the phase shift, indicating maintained dynamic CA. With HY, the increase in CVRi associated with 

exercise was enhanced (19±7% vs. 9±7%; P<0.05) concomitant with a larger increase in heart rate 

and cardiac output and a larger reduction in SVRi (22±4% vs. 14±2%; P<0.05). Thus hyperglycemia 

lowered cerebral vascular tone independently of CA capacity at rest, whereas dynamic CA remained 

able to modulate cerebral blood flow around the exercise-induced increase in MCA Vmean. These 

findings suggest that elevated blood glucose does not explain that dynamic CA is affected during 

intense exercise.  
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Introduction 

 

Cerebral blood flow (CBF) is under autoregulatory control and is also influenced by regional changes 

in neural activity.2,85 Cerebral autoregulation (CA) spans the range of prevailing demands on CBF in 

everyday life and comprises both fast- and slow-acting regulatory components.80,152 Static CA reflects 

the overall efficiency of the system, whereas dynamic CA refers to the ability to restore CBF in the 

face of a sudden change in arterial pressure, reflecting the latency of the cerebral vasoregulatory 

system.81-83 Brain activation by exercise provokes an increase in cerebral perfusion, and regional and 

global CBF increases 20-30% with the transition from rest to moderate exercise.20,270,324,325 During 

exercise, middle cerebral artery (MCA) blood flow velocity varies in response to pulse pressure, and 

dynamic CA allows for maintenance of cerebral circulation during the exercise-induced increase in 

blood pressure.326 The effectiveness of dynamic CA may, however, become reduced by exhaustive 

exercise,187 and the effects of metabolites and arterial carbon dioxide partial pressure (PaCO2) on the 

brain vasculature are proposed as possible causative factors.187 Although plasma glucose 

concentration usually remains relatively constant during exercise, hyperglycemia may occur;327 

whether hyperglycemia affects CA and modifies the cerebrovascular response to exercise has not 

been evaluated. Dynamic CA may also be affected in patients with small vessel disease,27 e.g. 

diabetes, where loss of autoregulation of tissue perfusion is attributed to persistent 

hyperglycemia.23,115 Early Type 1 diabetes mellitus is associated with vasodilatation and 

hyperperfusion of vascular beds.328,329 In healthy subjects, sustained hyperglycemia induces moderate 

vasodilatation in resting skeletal muscle and increases blood flow in the absence of changes in 

sympathetically mediated vasomotor tone.330 Blunted responses of cerebral arterioles have been 

reported in an animal model of diabetes mellitus and in diabetic patients with impairment of 

CA.23,25,118,331,332 However, results from animal studies with regard to the possible effects of glucose 

on CBF are inconclusive with both a reduced333 and maintained CBF334 in response to acute 

hyperglycemia.  

The primary purpose of this study was to examine whether hyperglycemia affects the CBF 

response to exercise. We hypothesized that sustained hyperglycemia induces cerebrovascular 

vasodilatation interfering with CA. We further hypothesized that hyperglycemia would enhance the 

increase in cerebral perfusion induced by rhythmic exercise. Accordingly, we set out to determine the 

cerebral and systemic vascular responses and the arterial-internal jugular venous differences for 

catecholamines as a marker of their net brain uptake in healthy subjects during euglycemia and 

hyperglycemia at rest and during rhythmic handgrip exercise.    
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Experimental Procedures 

 

Seven healthy, recreationally active nonsmoking male subjects participated in the study. Their mean 

characteristics were as follows: age 25 (range 22–29) yr, height 185 (range 175–205) cm, and weight 

81 (range 71–105) kg. Oral and written informed consent were obtained, and the study was approved 

by the Ethics Committee of Copenhagen and Frederiksberg (KF 01-257245). Before the study was 

initiated, the subjects underwent an examination, which included blood samples for renal, hepatic, and 

thyroid function, hemoglobin, white blood cell counts, electrolytes, and plasma glucose; all tests 

proved to be normal. The subjects abstained from caffeinated beverages for at least 6 hours, and 

none of the subjects used any medication. 

Central hemodynamic and cerebrovascular measurements were obtained during a steady-state 

hyperglycemic clamp (HY) and a hyperinsulinemic euglycemic clamp (EU) with blood glucose 

maintained at the fasting concentration. In a random order crossover design, the subjects were 

studied on 2 days separated by at least 1 week in a room at 22ºC. The subjects reported to the 

laboratory at 8:00 AM after an overnight fast. The order of the studies was EU-HY in four subjects and 

HY-EU in three subjects. Subjects were placed in the supine position and instrumented with arterial, 

internal jugular, and peripheral venous catheters. A standard lead II electrocardiogram was used for 

monitoring purpose. Cannulas were introduced percutaneously into the brachial artery of the 

nondominant arm (19 gauge) and under local anesthesia (2% lidocaine) retrograde into the internal 

jugular vein (14 gauge) and advanced to its bulb. A catheter was placed in an antecubital vein for 

infusion of insulin and glucose. The arterial catheter was connected to a pressure-monitoring system 

(Dialogue 2000, Copenhagen, Denmark), which was used to obtain blood for measurement of 

glucose, insulin, potassium, blood gas variables, and catecholamines. The catheter lumens were 

flushed with 3 ml/h isotonic saline. Arterial pressure was measured with a transducer (Edwards Life 

Sciences, Irving, CA) that was calibrated and zeroed at the level of the right atrium in the midaxillary 

line. The transcranial Doppler-derived blood velocity was measured in the proximal segment of the 

right MCA and insonated (DWL Multidop X4, Sipplingen, Germany) through the posterior temporal 

“window”. Once the optimal signal-to-noise ratio was obtained, the probe was secured with a 

headband. Both at rest and during exercise, determination of flow velocity in the MCA has a 

coefficient of variation of ~5%.335 Stroke volume (SV) was calculated from the blood pressure 

waveform using the Modelflow method incorporating age, sex, height, and weight (BeatScope 1.0 

software; BMEye, Amsterdam, The Netherlands).207 This technique tracks fast changes in SV during 

static and dynamic exercise.20,113,187,336 The signals of arterial pressure, spectral envelope of MCA 

blood flow velocity, and ECG were analog-to-digital-converted at 200 Hz and stored on a hard disk for 

off-line analysis.  

Hyperinsulinemic HY. Glucose (1000 mM) was infused intravenously to maintain a blood level of 

15 mM, with the rate of infusion adjusted by a computer-controlled pump according to the arterial 

blood glucose concentrations analyzed at intervals of 5 min during the first hour and then every 10th 

min.337 Steady-state blood glucose concentrations were achieved after ~1 hour. To maintain 

potassium at the baseline level, isotonic saline containing potassium (51 mmol/l) was infused 
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continuously. To flush lines after blood sampling, a total of ~1000 ml of isotonic saline was needed 

during the study and compensated for the blood withdrawn. Arterial blood samples for measurements 

of insulin and plasma catecholamines were drawn before glucose infusion and after steady-state 

hyperglycemia was achieved.  

Hyperinsulinemic EU. Insulin was infused at 0.08 IU·min-1·m-2. Glucose was provided via a 

computer-controlled infusion pump adjusted to maintain blood glucose at baseline (fasting) 

concentration in a manner similar to that described for HY clamping with other infusions. Arterial blood 

for measurement of insulin and catecholamines was drawn as mentioned for HY clamping.  

Exercise. For rhythmic handgrip exercise, a strain-gauge dynamometer was used, and force was 

measured by bridge (CN801, Hellerup, Denmark). At the start of each study, maximal voluntary 

contraction was determined. Exercise included 10 min of intermittent handgrip contractions at 65% of 

maximal voluntary contraction with 2 s of contraction alternated with 4 s of relaxation.  

Blood samples. Blood samples obtained at baseline and during EU and HY were analyzed 

[potassium, glucose concentrations, and blood gas variables (ABL 625 & 700, Radiometer, 

Copenhagen, Denmark), as well as lactate (Yellow Springs Instruments, Yellow Springs, OH)]. 

Plasma catecholamines were determined with a 2 CAT EIA (BA 10-1500; Labor Dianostika Nord, 

Nordhorn, Germany). Net brain catecholamine uptake was expressed as the arterial-to-internal jugular 

venous epinephrine and norepinephrine difference for the brain.201   

Data analysis. Beat-to-beat values for MCA mean blood flow velocity (Vmean) and mean arterial 

pressure (MAP) were derived as the integral over one beat divided by the corresponding beat interval. 

Heart rate (HR) was the inverse of the interbeat pressure interval, and cardiac output (CO) was the 

product of SV and HR. Systemic vascular resistance index (SVRi) was calculated as MAP/CO, and an 

effect of hyperglycemia on the cerebral vascular resistance was expressed as an index (CVRi) 

calculated from MAP and MCA Vmean.
83 Cerebral and systemic hemodynamic values were expressed 

as the averages of 6-min manifestations of MAP, HR, SV, CO, pulse pressure, SVRi, MCA Vmean, and 

CVRi. For calculation of dynamic CA please see the Methods section (Chapter 2). Baroreflex 

sensitivity was derived from frequency analysis of systolic blood pressure and interbeat interval time 

series. Power spectral density and cross-spectra of systolic blood pressure and interbeat interval were 

computed with the use of discrete Fourier transform.248,338  

Statistical analysis. Data are presented as mean and SD. Two-way ANOVA for repeated 

measures was used to identify differences across glycemic condition (EU vs. HY) and time. Post hoc 

pair-wise multiple comparisons vs. rest were performed with the Holm-Sidak method, and correlation 

strength was assessed with Pearson’s test on the average values across subjects. When data fitted a 

normal distribution, as indicated by Kolmogorov-Smirnov analysis, a t-test was used; a Mann-Whitney 

rank sum test was applied when data were not normally distributed, with P<0.05 considered to 

indicate a statistically significant difference.  
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Results 

 

At rest before glucose clamping, baseline cerebro- and cardiovascular variables and plasma 

concentrations for insulin (EU vs. HY; 10.4±7.7 pmol·l-1 vs. 8.0±6.9 pmol·l-1), glucose (4.9±0.1 mmol·l-1 

vs. 4.9±0.1 mmol·l-1), PaCO2, and epinephrine and norepinephrine did not differ between experiments 

(Table 1).  

 

EU and HY clamping  

The plasma glucose concentration was maintained at 4.9±0.1 mmol·l-1 for EU and 14.8±0.2 mmol·l-1 

for HY (Figure 1). Plasma insulin concentrations during exercise were not different between conditions 

(906±46 pmol·l-1 for EU vs. 688±100 pmol·l-1 for HY; P=0.07). During EU and HY clamping, MAP and 

arterial catecholamine concentrations did not change significantly. At the same time, SVRi decreased 

with both HY and EU (P<0.01). The CVRi was maintained with EU but became reduced with HY 

(11±3%; P<0.01), and MCA Vmean increased (P<0.05; Table 1), whereas brain catecholamine uptake 

Table 1  Systemic and cerebrovascular hemodynamic variables 
 Clamp Rest control Exercise control   Rest clamp Exercise clamp 

MAP (mm Hg) 
EU 89 ± 9 109 ± 11‡  85 ± 8 105 ± 11** 

HY 91 ± 6 112 ± 14‡ 89 ± 7 111 ± 11** 

Heart rate (beats·min
-1

) 
EU 66 ± 8 81 ± 7‡ 69 ± 10‡ 88 ± 12** 

HY 62 ± 8 86 ± 10‡ 64 ± 6 95 ± 13** 

Stroke volume (ml) 
EU 84 ± 11 89 ± 11 88 ± 11 95 ± 11 

HY 85 ± 8 85 ± 8 91 ± 14 98 ± 8 

Cardiac output (l·min
-1

)  
EU 4.5 ± 0.7 6.2 ± 0.9‡ 6.0 ± 0.4‡ 8.6 ± 1.0** 

HY 4.4 ± 0.7 6.4 ± 0.9‡ 5.8 ± 1.0† 9.3 ± 1.3** 

Pulse pressure (mm Hg) 
EU 55 ± 5 69 ± 8‡ 57 ± 8 72 ± 5* 

HY 56 ± 6 68 ± 6‡  59 ± 6 75 ± 8** 

SVRi (dyn·s·m
-5

) 
EU 1051 ± 206 953 ± 231‡ 861 ± 110‡ 742 ± 105** 

HY 1073 ± 166 955 ± 129 956 ± 173‡ 728 ± 83** 

MCA Vmean (cm·s
-1

) 
EU 43 ± 7 49 ± 10‡ 42 ± 9 46 ± 6 

HY 39 ± 6 46 ± 12‡ 43 ± 7† 47 ± 14 

CVRi (mm Hg·cm
-1

·s
-1

) 
EU 2.06 ± 0.30  2.28 ± 0.46‡ 2.07 ± 0.43 2.33 ± 0.33* 

HY 2.37 ± 0.37 2.58 ± 0.60 2.10 ± 0.36† 2.50 ± 0.61* 

PaCO2 (mm Hg) 
EU 37.95 ± 1.59 37.43 ± 2.78 37.05 ± 2.38 36.98 ± 2.78 

HY 37.28 ± 2.97 38.33 ± 3.20 36.83 ± 2.12 36.90 ± 2.97 

NorepinephrineART (pmol·l
-1

) 
EU 189 ± 93 238 ± 114 278 ± 95 237 ± 87 

HY 217 ± 45 303 ± 76 256 ± 68 381 ± 260 

EpinephrineART (pmol·l
-1

) 
EU 102 ± 56 85 ± 26 95 ± 40 106 ± 32 

HY 95 ± 40 108  ± 40 83 ± 59 102 ± 37 

NorepinephrineAV (pmol·l
-1

) 
EU -33 ± 69 13 ± 48 19 ± 53 -97 ± 140 

HY -21 ± 34 -6 ± 74 -1 ± 28 1 ± 147 

EpinephrineAV (pmol·l
-1

) 
EU 26 ± 34 4 ± 11 2 ± 8 -4 ± 24 

HY 15 ± 14 17 ± 28 17 ± 57 1 ± 28 

LactateART (mmol·l
-1

) 
EU 0.7 ± 0.3 1.2 ± 0.4† 1.1 ± 0.2‡ 1.9 ± 0.6** 

HY 0.9 ± 0.3 1.4 ± 0.5† 1.6 ± 0.3‡ 2.8 ± 0.9** 

LactateAV (mmol·l
-1

) 
EU -0.1 ± 0.1 0.0 ± 0.1 -0.1 ± 0.1 0.0 ± 0.1 

HY -0.1 ± 0.1 -0.2 ± 0.4 -0.1 ± 0.1 -0.1 ± 0.1 

GlucoseAV (mmol·l
-1

) 
EU 0.6 ± 0.2 0.6 ± 0.2 0.5 ± 0.1 0.4 ± 0.3 

HY 0.5 ± 0.2 0.5 ± 0.2 -0.1 ± 0.5 0.0 ± 0.3 

Values are means ± SD for 7 subjects. MAP, mean arterial pressure; SVRi, systemic vascular resistance index; MCA 
Vmean, middle cerebral artery mean cerebral blood velocity; CVRi, cerebral vascular resistance index; PaCO2, arterial CO2 
tension; ART, arterial; AV, cerebral arteriovenous difference; EU, euglycemia; HY, hyperglycemic clamp.  
† P<0.05 vs. rest control, ‡ P<0.01 vs. rest control, * P<0.05 vs. rest clamp, ** P<0.01 vs. rest clamp. 
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and PaCO2 did not change significantly. Arterial lactate concentrations increased with both HY and EU 

(P<0.01). 

 

Spectral and transfer function analysis 

Baroreflex sensitivity was within normal limits and did not change with EU (17±3 ms·mm Hg-1 vs. 16±2 

ms·mm Hg-1) vs. HY (19±3 ms·mm Hg-1 vs. 18±3 ms·mm Hg-1). Transfer function analysis of the 

dynamic relationship between beat-to-beat changes in MCA Vmean and MAP assessed dynamic CA 

across changes in plasma glucose. The phase and normalized transfer function gain between MCA 

Vmean and MAP in the LF range were not altered across changes in the plasma glucose concentration 

(Table 2).  

 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Transfer function gain, phase and coherence function  
 Clamp Control Clamp   

MAPpower (mm Hg
2
·Hz

-1
) 

EU 5.7 ± 4.2 3.6 ± 3.2 

HY 5.7 ± 4.6 6.0 ± 5.1 

MCA Vmean  power ((cm·s
-1

)
2
·Hz

-1
) 

EU 1.8 ± 1.0 1.6 ± 0.8 

HY 2.4 ± 1.5 2.5 ± 1.9 

Coherence (k
2
) 

EU 0.84 ± 0.07 0.84 ± 0.09 

HY 0.81 ± 0.10 0.81 ± 0.13 

Phase (degrees) 
EU 50 ± 6 50 ± 5 

HY 49 ± 5 50 ± 5 

Gain (cm·s
-1

·mm Hg
-1

) 
EU 0.61 ± 0.18 0.68 ± 0.26 

HY 0.58 ± 0.09 0.60 ± 0.16 

Normalized gain (%·%
-1

) 
EU 1.21 ± 0.26 1.32 ± 0.24 

HY 1.28 ± 0.25 1.26 ± 0.28 

Values are means ± SD for 7 subjects. MAPpower, mean arterial pressure low frequency 
power; MCA Vmean power, middle cerebral artery mean blood flow velocity power.  

Figure 1 Plasma glucose during euglycemic (open circles) and hyperglycemic (closed circles) 

clamp for 7 subjects. Bars: rhythmic handgrip exercise 
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Figure 2 Mean arterial pressure (MAP), middle cerebral artery mean blood flow velocity (MCA Vmean), heart rate 

(HR), and cardiac output (CO) responses to rhythmic handgrip during euglycemic clamp (EU: open circles) and 

hyperglycemic clamp (HY: closed circles) vs. at control conditions (CTRL: squares). Values are means ± SEM for 

7 subjects. Bars: rhythmic handgrip exercise. † P<0.05 vs. rest (t = -3 min); ‡ P<0.01 vs. rest; * P<0.05 vs. 

control.  
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Rhythmic handgrip exercise 

During exercise, MAP, HR, pulse pressure, CO, and MCA Vmean increased (P<0.05), whereas SV, 

PaCO2 , arterial catecholamine concentrations, and arteriovenous lactate difference did not change 

significantly (Table 1). Also, the increase in MAP was similar for both glycemic conditions, whereas 

the increase in HR and CO during HY vs. EU was larger (P<0.05; Figure 2), concomitant to a larger 

reduction in SVRi (22±4% vs. 14±2%; P<0.05; Figure 3). During HY vs. control, the increase in CVRi 

was larger (19±7% vs. 9±7%; P<0.05), whereas net brain catecholamine uptake and PaCO2 did not 

change.  

 

 

 
 

Figure 3 Responses of cerebral and systemic vascular resistance indices to exercise during EU (open circles) 

and HY (closed circles) vs. at control conditions (squares). Values are mean ± SEM for 7 subjects. Bars: 

rhythmic handgrip exercise. CVRi, cerebrovascular resistance index; SVRi, systemic vascular resistance 

index. † P<0.05 vs. rest (t = -3 min); ‡ P<0.01 vs. rest; * P<0.05 vs. control.  
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Discussion 

 

The present study provides novel information regarding the influence of hyperglycemia on the 

vascular responses of the cerebral and systemic circulations in humans from rest to exercise. At rest, 

SVRi decreased both with HY and EU. At the same time, CVRi was maintained with EU but declined 

in response to HY independently of CA, suggesting an important role for glucose. Second, HY 

enhanced the decline in SVRi and the increase in CO associated with exercise. Thus HY lowered 

cerebral vascular tone independently of autoregulatory capacity at rest, whereas dynamic CA retained 

the ability to modulate CBF around the exercise-induced increase in MCA Vmean. Collectively, these 

findings suggest that elevated blood glucose does not explain that dynamic CA may become affected 

during intense exercise. 

  Hyperglycemia and hyperinsulinemia each elicit systemic vasodilatation, but controversies 

exist as to the vascular effects of insulin330,339,340 because both systemic vasoconstrictive and 

vasodilatory effects of insulin have been reported.330,340-343 Endothelium-dependent vasodilatation is 

impaired in Type 1344 and in Type 2 diabetes;345,346 however, in healthy humans, acute hyperglycemia 

does not impair endothelial function.347 The vascular effects of insulin may reflect the balance 

between sympathetic and local nitric oxide effects with vasodilatation at elevated plasma 

concentrations vs. vasoconstriction at lower concentrations.342 In addition, the effects of 

hyperinsulinemic hyperglycemia are different for healthy subjects vs. patients with insulin-dependent 

diabetes mellitus, with regional vasodilatation shown in healthy subjects but not in patients.348,349 

Possible differences in dose-response vascular effects of elevated insulin levels need to be 

established, and we cannot, therefore, exclude some vascular contribution of a slightly higher insulin 

concentration during EU vs. HY. 

In healthy subjects, euinsulinemic hyperglycemia induces moderate vasodilatation in skeletal 

muscle in the absence of changes in sympathetic tone or blood pressure.330 A new observation from 

the present study is that, during exercise, the decline in SVRi is enhanced by hyperglycemia. This 

systemic vasodilatation developed in the absence of significant changes in baroreflex sensitivity, 

plasma norepinephrine concentration, or low frequency spectral power of arterial pressure and 

interbeat interval oscillations, suggesting that sympathetic activity did not change.248,350  

In an isolated cerebral artery model, acute glucose exposure dilates cerebral arteries,332 whereas, 

after chronic exposure to hyperglycemia, vascular responses diminish.331 We hypothesized that the 

cerebral vasculature would respond in a similar way and evaluated the CVRi during HY as an 

indicator for cerebral artery vasomotor tone. A reduction in CVRi was demonstrated with HY during 

rest in parallel to the systemic vasodilatation that took place without a change in PaCO2 or brain 

catecholamine uptake. However, the findings that the MAP-to-MCA Vmean transfer function gain and 

phase were not affected by EU and HY support that dynamic CA was preserved during both acute 

hyperinsulinemia and hyperglycemia. Sympathetic nerve stimulation increases MAP and MCA 

Vmean,
351 and brain activation by rhythmic exercise results in an increase in MAP, CVRi, and MCA 

Vmean.
270,271 During exercise with HY, the increase in MAP was comparable to that with EU, but the 

increase in CO was larger and accompanied by an enhanced CVRi response.  
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The MCA Vmean was chosen for evaluation of exercise-induced changes in CBF with the 

assumption that changes in MCA Vmean are representative of those in CBF. Transcranial Doppler 

monitors blood velocity rather than blood flow, and changes in the diameter of the insonated vessel by 

enhanced sympathetic activity could modulate velocity independently of flow. However, the large 

cerebral arteries are conductance rather than resistance vessels, and moderate sympathetic 

activation does not modify the luminar diameter of a systemic conduit artery.294 With exercise, MCA 

Vmean demonstrates a graded increase to work rate and reflects the increase in regional CBF.270,271,325 

When large muscle groups are exercised, the increase in plasma norepinephrine is up to 16-fold 

higher than during moderate exercise such as with rhythmic handgrip. In the present study, the 

systemic to cerebral norepinephrine difference did not change significantly during exercise, and we 

consider an adrenergic vasoconstrictive effect on the MCA unlikely.335 

This study did not address the mechanism involved in the differential cerebral and systemic 

circulatory responses to hyperglycemia, but the data suggest that, during exercise, maintained 

dynamic CA counterbalanced the vasodilatatory effect of hyperglycemia manifest in other vascular 

beds. Thus hyperglycemia lowered cerebral vascular tone independently of CA capacity at rest, 

whereas dynamic CA remained able to modulate CBF around the exercise-induced increase in MCA 

Vmean. These findings suggest that an elevated blood glucose does not explain that dynamic CA may 

become affected during intense exercise.


