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Cardiovascular function

Hormonal controlHormonal control ((longlong--termterm regulationregulation))
??EpinephrineEpinephrine
??NorepinephrineNorepinephrine

NervousNervous controlcontrol ((shortshort--termterm regulationregulation))
?? SympatheticSympathetic
?? ParasympatheticParasympathetic
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?? ParasympatheticParasympathetic
(Para(ParaSS) ) 

Autonomic nervous system

?? SympatheticSympathetic ((SS) ) 

Acetylcholine

Norepinephrine

?? Blood pressure variations during  the respiratory cycle Blood pressure variations during  the respiratory cycle 
induces variability into HR   induces variability into HR   

?? respiratory sinus arrhythmia

HRV - Origin

from Bernardi et al. 2001, J Hypertens;19:947-58

Spontaneous breathingControlled breathing
(15 breaths/min)

Mean R-R intervall variability
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What is HRV?

Time

The duration between 2 heart beats (RR interval in The duration between 2 heart beats (RR interval in 
msecmsec) is not constant) is not constant

??Temporal Temporal analysisanalysis
?? Quantitative description of the paraS

modulation
? Long-term monitoring

??Spectral Spectral analysisanalysis
?? Qualitative information on the characteristics

(amplitude, frequency) of the HR oscillations
? Useful for non stationary signals, such as 

exercise or orthostatism

HRV - Analysis
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Spectral analysis
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Very Low Frequency (VLF) 
0.003 – 0.04 Hz

Low Frequency (LF) 
0.04 – 0.15 Hz 

High Frequency (HF)
0.15 – 0.40 Hz

Spectral analysis
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??VeryVery LowLow FrequencyFrequency
?? long term mechanisms of regulation

??LowLow FrequencyFrequency
?? its physiological interpretation remains controversial
?? reflects both sympathetic and paraS modulations

??High High FrequencyFrequency
? parasympathetic influence associated with breathing 

frequency (respiratory sinus arrhythmia)

??LF/HF ratioLF/HF ratio
?? represents sympathovagal balance
? a high LH/HF ratio = sympathetic predominance

(orthostatic test)

Physiological significance

Acute Acute hypoxiahypoxia
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Acute hypoxia

Arch of 
Aorta

Carotid
body

Hypoxia
? PaO2

medulla

pulmonary afference

from Levine 2001, in: Handbook of clinical neurology;75:258-80

Local vasodilation due to ? PaO2
counteracts sympathetic

vasoconstriction

? HR and Q
.

? Ve
.

? Peripheral Vasodilation
? Blood Pressure

Sympathetic activity and HR

* P<0.05 vs. sea level Mazzeo et al. 1994, Metabolism;43:1226-32

¦ control
? ß-blockade
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Effect on HRV

from Bernardi et al. 2001, J Hypertens;19:947-58
& P<0.05 vs. spontaneous br
* P<0.05 vs. Baseline; * P<0.01

??DecreaseDecrease in HFin HF
??IncreaseIncrease in LF (in LF (relatedrelated to to respiratoryrespiratory frequencyfrequency))

?? LF/HF ratio LF/HF ratio isis usuallyusually increasedincreased, , soso isis the the 
sympatheticsympathetic modulationmodulation

Effect on HRV

from Bernardi et al. 2001, J Hypertens;19:947-58

Spontaneous breathingControlled breathing
(15 breaths/min)

??DecreaseDecrease in total in total spectrumspectrum power of HRVpower of HRV
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??HRmaxHRmax isis decreaseddecreased
??SubmaximalSubmaximal HR HR isis increasedincreased

Exercise

* P<0.05 vs. normoxia 
† P<0.05 vs. untrained Mollard et al. 2007, Eur J Appl Physiol;100:663-73

Exercise

from Hopkins et al. 2003, J Physiol;550.2:605-16

? Increase in HR is not limited by ß-sympathetic or 
parasympathetic blockade

? Potential role of the a1-adrenergic receptor stimulated by NAd

¦ ß-sympathetic inhib. (propranolol)  normoxia
¦ ß-sympathetic inhib. (propranolol)  hypoxia

?  control normoxia 
?  control hypoxia (FiO2=0.125%)

?  parasympathetic inhib. (glycopyrrolate) normoxia
?  parasympathetic inhib. (glycopyrrolate) hypoxia
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ChronicChronic hypoxiahypoxia

Chronic hypoxia

Arch of 
Aorta

Carotid
body

Hypoxia
? PaO2

medulla

pulmonary afference

from Levine 2001, in: Handbook of clinical neurology;75:258-80

? ? HR 
? Q

.

? Ve
.

? Peripheral Vasodilation
? Blood Pressureß-downregulation

M-upregulation
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Sympathetic activity

Days in altitude

Mazzeo et al. 1998, J Appl Physiol;84:1151-7
* P<0.05 vs. baseline (normoxia) 
† P<0.05 vs. baseline (notmoxia)

Sympathetic activity

H1: 2 days at 4,350m
H2: 13 days btwn 850 - 4,800m
H3: 21 days at 4,800m

* P<0.05 vs. SL; ** P<0.01 vs. SL Richalet et al. 1988, J Appl Physiol;65:1957-61
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??ßß--adrenergicadrenergic receptorsreceptors

Cardiac receptors

* P<0.05 Normoxia vs. Hypoxia in LV 
# P<0.05 Normoxia vs. Hypoxia in RV Favret et al. 2001, Am J Physiol Regul Integr Comp Physiol;280:730-8

??MuscarinicMuscarinic receptorsreceptors

Parasympathetic activity

?  Sea level Control 
?  Sea level Glycopyrrolate

?  5,260m Control
?  5,260m Glycopyrrolate

* P<0.05 Sea Level vs. 5,260m Control
+ P<0.05 Sea Level vs. 5,260m Glycopyrrolate

Boushel et al. 2001, Circulation;104:1785-91

?? Relative Relative increaseincrease due to paradue to paraSS blockadeblockade isis greatergreater atat altitude altitude 
vs. vs. sealseal levellevel (109% vs. 86%, (109% vs. 86%, respresp.).)
?? Enhanced parasympathetic neural activity

accounts for the lowering of HR

Power output (Watts)

9 wks at 5,260m
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* P<0.05 vs. sea level Mazzeo et al. 1994, Metabolism;43:1226-32

Heart Rate

Effect on HRV

Perini et al. 2003, Eur J Appl Physiol;90:317-25

5,050m

from Bernardi et al. 1998, Clin Sci (Lond);95:565-73

?  HF   ?  LF

* P<0.05 vs. sea level

1 day, 1 wk at 4,970m

?? Total Total spectrumspectrum power power isis increasedincreased
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Exercise

?  Sea level Control 
?  Sea level Glycopyrrolate

?  5,260m Control
?  5,260m Glycopyrrolate

Boushel et al. 2001, Circulation;104:1785-91

Power output (Watts)

9 wks at 5,260m

* P<0.05 Sea Level vs. 5,260m Control
+ P<0.05 Sea Level vs. 5,260m Glycopyrrolate

??HRmaxHRmax isis decreaseddecreased for altitudes for altitudes aboveabove 3,500m, due to:3,500m, due to:
-- decreaseddecreased responseresponse to to catecholaminergiccatecholaminergic stimulation (stimulation (ßß--

adrenergicadrenergic receptorsreceptors))
-- increasedincreased parasympatheticparasympathetic tonetone

Intermittent Intermittent hypoxiahypoxia
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??ModelsModels of intermittent of intermittent hypoxichypoxic exposureexposure are are 
multiple:multiple:

-- sleepsleep apneaapnea
-- altitude altitude workersworkers ((PeruPeru for for exampleexample))
-- intermittent intermittent hypoxichypoxic trainingtraining

??Intermittent Intermittent hypoxichypoxic exposureexposure isis differentdifferent fromfrom
repeatedrepeated acute acute exposuresexposures to to hypoxiahypoxia or or 
discontinuousdiscontinuous chronicchronic hypoxiahypoxia

Intermittent hypoxia

Remnant effect of hypoxia

from Boussuges et al. 2000, Am J Respir Crit Care Med;161:264-70

† P<0.05 vs. SL
‡ P<0.05 vs. RSL

* P<0.05 vs. baseline
+ P<0.05 hypoxia vs. hypercapnia

from Xie et al. 2001, J Appl Physiol;91:1555-62

FiO2=0.12%

??RemnantRemnant effectseffects last longer last longer afterafter
continuouscontinuous thanthan discontinuousdiscontinuous hypoxiahypoxia
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““AcuteAcute””ExerciseExercise

Mechanisms

Tsuchimochi et al. 2002, Am J Physiol Heart Circ Physiol;283:1896-1906Greiwe et al. 1999, J Appl Physiol;86:531-5

* P<0.05 vs. pre exercise

* P<0.05 untrained vs. trained
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Kinetic

from Tsuchimochi et al. 2002, Am J Physiol Heart Circ Physiol;283:1896-1906

? initial:
Increase in CSNA precedes

tachycardia

?  mid to late:
Both CSNA and 
HR are elevated

+ after:
Rapid drop in CSNA precedes HR 

decrease

+ after:
Gradual decrease

in HR with no 
change in CSNA

HRV: methodological consideration

from Pichon et al. 2004, Med Sci Sports Exerc;36:1702-8
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HRV: methodological consideration

** P<0.01 vs. rest from Pichon et al. 2004, Med Sci Sports Exerc;36:1702-8

?The major influence of ventilation challenges the validity of 
standard HRV indices for assessing autonomic control of heart
rate during strenuous exercise

??HR (time constant) HR (time constant) recoveryrecovery fromfrom an acute an acute exerciseexercise isis fasterfaster
in in subjectssubjects withwith moderatemoderate training training loadload, , whateverwhatever theirtheir
fitness fitness levellevel

Time course of recovery from exercise

?Early recovery depends on the intensity
of the exercise

from Buchheit et al. 2006, Am J Physiol Heart Circ Physiol;291:451-8
Kaikkonen et al. in press, Scand J Med Sci Sports

IV: 7x3min of vVO2max, 2min rec.
CO: 21min of vVO2max

a P<0.05; aa P<0.01 IV85 vs. IV93
or CO80 vs. CO93
b P<0.05 IV85 vs. CO85
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Remnant effect of exercise

before the race 1 night after the race
75km X-country ski

2 nights after the race
75km X-country ski

from Hautala et al. 2001, Clin Physiol;21:238-45

?The elevated resting HR post-exercise, associated with a 
high sympathetic modulation, can last for up to 24h

?A parasympathetic rebound is observed between 24 and 48h 
post-exrecise (long and intense)

Remnant effect of exercise - trained vs. untrained

from Yamamoto et al. 2001, Med Sci Sports Exerc;33:1496-502* P<0.05 vs. before training

at rest 10min 
after exercise

20min 
after exercise

?  Control group
?  Training groups
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Remnant effect of exercise - trained vs. untrained

from Hautala et al. 2003, Am J Physiol Heart Circ Physiol;285:1747-52

?Correlation between baseline HF component and response
to 8 wk of aerobic training

? Importance of HRV measurement to design 
individual training plans

?  Moderate-volume training group
?  High-volume training group

Endurance TrainingEndurance Training
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Moderate intensity - total power of HRV

from Okazaki et al. 2005, J Appl Physiol;99:1041-9

Sedentary senior
12mo of training

Young individual
6mo of training

?Neurovegetative activity, as represented by power spectrum
(PSD), is greater in athletes than in sedentary individuals

Moderate intensity –sympathetic activity

from Tulppo et al. 2003, J Appl Physiol;95:364-72

?Sympathetic component is decreased after training

8wk
6 session/wk
70-80% of HRmax
30 or 60min/session
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Moderate intensity –paraS activity and HR

from Tulppo et al. 2003, J Appl Physiol;95:364-72

?Parasympathetic component is increased after training

High intensity –sympathetic activity

50% TL: 50% of the maximum training load (TL), ~3mo before WC
100% TL: 100% of the maximum TL, ~20d before WC
W-CHAMP: during the competition, TL markedly reduced

from Iellamo et al. 2004, Med Sci Sports Exerc;36:1342-46* P<0.05 among the different recording sessions

? Increase in the sympathetic component with high intensity
training, rapidly reversible
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High intensity –parasympathetic activity

detrained After ~3mo of training ~20d before WC

from Iellamo et al. 2002, Circulation;105:2719-24

?Decrease in the parasympathetic component with high
intensity training

? Increase in the LF power

? Increase in HR associated with the 
conditioning period

??Can Can bebe characterizedcharacterized by:by:
-- a a decreaseddecreased total power of HRV total power of HRV withwith a LF a LF 

predominancepredominance
-- an an increasedincreased supinesupine HRHR
-- a slow a slow cardiaccardiac recoveryrecovery fromfrom exerciseexercise

??But has But has alsoalso been been describeddescribed as as inducinginducing paraparaSS
modulationmodulation

??Can Can bebe consideredconsidered as normal fatigue and not as normal fatigue and not 
necessarynecessary associatedassociated withwith a drop in performancea drop in performance

??Can Can bebe observedobserved duringduring conditioningconditioning periodperiod of of 
training training whenwhen “non“non--pathological”pathological”

“Over-reaching”
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??Can Can bebe characterizedcharacterized by:by:
-- a large a large increaseincrease in total power of HRV in total power of HRV withwith a a highhigh HF HF 

activityactivity (endurance sports)(endurance sports)
-- a a decreaseddecreased supinesupine HRHR
-- a a fastfast cardiaccardiac recoveryrecovery fromfrom exerciseexercise

?? Is Is alwaysalways associatedassociated withwith a a decreasedecrease in performance in performance eveneven in in 
the absence of the absence of autonomicautonomic symptomssymptoms

“Over-training”

* P<0.05 test1 vs.test2
** P<0.01 test1 vs.test2 Hedelin et al. 2000, Med Sci Sports Exerc;32:1480-84

6-d training camp
? before
¦ after

??AthletesAthletes have a have a lowerlower tolerancetolerance to Tilt test vs. to Tilt test vs. sedentarysedentary
((proportionalproportional to to theirtheir training training statusstatus))

?? This This mightmight bebe due to:due to:
-- structural training adaptations: structural training adaptations: ?? arterialarterial and and veinousveinous

compliance, compliance, ?? cardiaccardiac compliance and compliance and hypertrophyhypertrophy, , ?? bloodblood
volumevolume

-- decreasedecrease in in baroreflexbaroreflex sensitivitysensitivity
-- decreasedecrease in in autonomicautonomic nervousnervous system control on system control on 

baroreflexbaroreflex, , relatedrelated to the to the parasymatheticparasymathetic modulation modulation 
inducedinduced by trainingby training

??OrthostaticOrthostatic hypotension hypotension cancan bebe associatedassociated withwith overtrainingovertraining

Orthostatic hypotension
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HRV and Training HRV and Training FollowFollow--upup
NormoxiaNormoxia

xbetter

Pre- and post-season differences

?? Performance Performance isis increasedincreased, but , but restingresting HR do not changeHR do not change

from Hedelin et al. 2000, Scand J Med Sci Sports;10:298-303

??GenderGender differencesdifferences seemseem to to existexist ?? ParasympatheticParasympathetic
activityactivity isis greatergreater in in femalesfemales thanthan in malesin males

* P<0.05 test1 vs. test2
** P<0.01 test1 vs. test2
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?? No No alterationalteration in in sympatheticsympathetic or paraor paraSS
markersmarkers

?? Indirect marker of HR vagal reflex Indirect marker of HR vagal reflex 
control control couldcould have been have been improvedimproved

Pre- and post-season differences

?? restingresting HR HR isis decreaseddecreased and performance and performance isis increasedincreased

from Perini et al. 2006, Eur J Appl Physiol;97:395-403

pre post

?? SpecificSpecific training adaptation (training adaptation (?? in in bloodblood volume and volume and cardiaccardiac dimension dimension 
isis lessless in in swimmersswimmers thanthan in in runnersrunners) ) maymay explainexplain thesethese divergencedivergence

??TheseThese discrepanciesdiscrepancies maymay reflectreflect methodologicalmethodological
limitation in the use of HRV for longlimitation in the use of HRV for long--termterm
variationsvariations

* P<0.05 between body position
# P<0.05 pre vs. post

Training individualization

from Kiviniemi et al. 2007, Eur J Appl Physiol;101:743-751

Low: 65% of HRmax, 40min
High: 85% of HRmax, 30min

+ warm-up/cool-down at 65%, 5min

* Max 2 consequent high-intensity exercises
† Max 2 consequent resting days
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Training individualization

Kiviniemi et al. 2007, Eur J Appl Physiol;101:743-751
* P<0.05 between groups
† P<0.05 within the groups

HRV and Training HRV and Training FollowFollow--upup
HypoxiaHypoxia
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Opposite or cumulative effects
+ possible remnant effects of both hypoxia and exercise

Summary –Hypoxia vs. Training
H

R
H

R
V

Hypoxia

Moderate-intensity High-intensitySL Acute Chronic

Training Training

LF

HF

HRV
total

LF

HF

HRV
total

HF

LF

HRV
total

?? SameSame relative training relative training loadsloads induceinduce
positive HRV adaptations (positive HRV adaptations (?? HFHFSUSU
and LFand LFSTST) ) atat 1,200m and 1,200m and improveimprove
performance, but not performance, but not atat 1,850m1,850m

??HF HF sensitivitysensitivity maymay help help predictpredict
performance performance alterationalteration

Altitude training - mild vs. moderate hypoxia

* P<0.05 vs. pre-test; # P<0.05 1,200m vs. 1,850m

from Schmitt et al. 2006, Int J Sports Med;27:226-31
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??WhatWhat are the influences of the are the influences of the remainingremaining effectseffects of of 
exerciseexercise and/or and/or hypoxiahypoxia??

H
R

 o
r 

S

time

te
st

Rest Rest
1

Hypoxia Exercise

Intermittent hypoxia - LHTL

time

H
R

 o
r 

S te
st

Rest Rest
2 1

Exercise Hypoxia

Cornolo, unpublished

??Altitude Altitude doesdoes not affect intensenot affect intense--exercisingexercising remnantremnant effectseffects
on HRV in a on HRV in a wellwell--adaptedadapted populationpopulation

?? Living in altitude Living in altitude doesdoes not impair the not impair the autonomicautonomic responseresponse to to 
trainingtraining

LHTL –Remnant effects of exercise

from Cornolo et al. 2005, Med Sci Sports Exerc;37:2148-53* P<0.05 ; ** P<0.01
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LHTL –Remnant effects of hypoxia

??Altitude Altitude exposureexposure counteractscounteracts aerobicaerobic training training inducedinduced
alterationsalterations in in autonomicautonomic control, but control, but doesdoes not not preventprevent
furtherfurther enhancementenhancement atat the end of the the end of the exposureexposure

* P<0.05 vs. PRE

from Cornolo et al. 2006, Eur J Appl Physiol;96:389-96Povea et al. 2005, High Alt Med Biol;6:215-25

* P<0.05 before vs. after; ** P<0.01
§ P<0.05 LHTL vs. LLTL after

?? LHTL LHTL cancan not not bebe consideredconsidered as as repeatedrepeated acute acute exposuresexposures to to 
hypoxiahypoxia

?? This This needsneeds to to bebe takentaken intointo accountaccount to to controllingcontrolling training training 
withwith HRVHRV

Intermittent hypoxia - LHTL

from Cornolo, unpublished
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Rest Rest

2 1

Exercise Hypoxia
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?HRV is more useful on a day to day basis than
for long-term comparison

?Overtraining being hard to diagnose, 
controlling training using HRV becomes very
useful

?Training follow up over altitude training is
even more important

?Few is known about the different models of 
intermittent hypoxia (“LH-TL”, “LL-TH”)

Take Home Message


