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Objective: Intwo independent study arms, we determine the effects of sength training
(ST) and high-intensity interval training (HIIT) overload cardiac autonomic modulation
by measuring heart rate (HR) and vagal heart rate variahilitHRV).

Methods: In the study, 37 well-trained athletes (ST: 7 female, 12 maleHIIT: 9 female,
9 male) were subjected to orthostatic tests (HR and HRV recdings) each day during
a 4-day baseline period, a 6-day overload microcycle, and a 4lay recovery period.
Discipline-speci ¢ performance was assessed before and 1 ad 4 days after training.

Results: Following ST overload, supine HR, and vagal HRV (Ln RMSSD) reeclearly

increased and decreased (small effects), respectively, dnthe standing recordings

remained unchanged. In contrast, HIIT overload resulted ilecreased HR and increased
Ln RMSSD in the standing position (small effects), whereasipine recordings remained
unaltered. During the recovery period, these responses werreversed (ST: small effects,
HIIT: trivial to small effects). The correlations betweenhanges in HR, vagal HRV
measures, and performance were weak or inconsistent. At theyroup and individual

levels, moderate to strong negative correlations were fouhbetween HR and Ln RMSSD
when analyzing changes between testing days (ST: supine anstanding position, HIIT:
standing position) and individual time series, respectile Use of rolling 2—4-day averages
enabled more precise estimation of mean changes with smaliecon dence intervals

compared to single-day values of HR or Ln RMSSD. However, these of averaged values
displayed unclear effects for evaluating associations beteen HR, vagal HRV measures,
and performance changes, and have the potential to be detri@ntal for classi cation of

individual short-term responses.
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Conclusion: Measures of HR and Ln RMSSD during an orthostatic test couldeveal
different autonomic responses following ST or HIIT which nyanot be discovered by
supine or standing measures alone. However, these autonomichanges were not
consistently related to short-term changes in performanceand the use of rolling averages
may alter these relationships differently on group and inddual level.

Keywords: orthostatic test, cardiac autonomic nervous syst em, fatigue, recovery, individual response, multivariate
analysis, resistance training, overreaching

INTRODUCTION feedback on HR and HRV indices [HR(V)] in the eld. In applied
sports research and practice, HR (or average R-R interval) and
E cient training provides sucient exercise stimuli t0 the time-domain HRV marker RMSSD (root mean square of
enhance athletes’ performance capacities while avoidingccessive di erences between adjacent beat to beat itspara
sustained non-functional overreaching or underrecoverysommonly measured in a supine, seated, or standing position
(Meeusen etal., 2013; Kellmann et al., aomntinuous athlete and may indicate training and fatigue StatLBL(Cthit, 2014;
monitoring may provide information that can be used to balanc schmitt et al., 2015a; Bellenger et al., 2016a; Thorpe et al.
stress and recovery, ultimately increasing the performancepiy. However, as ANS activity, and therefore HRV indices,
readiness of the athlete and minimizing the risk of illnessl an are determined by multiple factorsSéndercock et al., 2005;
injury (Halson, 2014; Schwellnus et al., 2016; Soligard et al., 20Hchheit, 2014; Fatisson et al., 216 remains di cult to
Bourdon et al., 2017; Coutts et al., 2018; Heidari et al9R®.  interpret HR(V) measures in isolation. This may contributete
variety of tools, such as psychometric questionnaikesi(ann,  partially contradictory ndings in the literatureBuchheit, 2014;
2010; Saw et al., 201tblood-borne markers\rhausen et al., Schneider et al., 20).8To overcome some of these limitations,
1995; Fry and Kraemer, 1997; Urhausen and Kindermann, 200, has been proposed that researchers use a combination of
Meeusen et al., 20),heart rate (HR)-based measurésciten  supine and standing recordings during an orthostatic test to
and Jeukendrup, 2003; Aubert et al., 2003; Bosquet et al.; 20@iscriminate between di erent fatigue pattern8qsquet et al.,
Meeusen et al., 2013; Buchheit, 2014; Bellenger et al.,)2@hfa 2008: Schmitt et al., 2013, 2015a,b: Hottenrott and Hoos,
(submaximal or non-fatiguing) performance test&(ausenand 2017 and use rolling averages to assess adaptation to training
Kindermann, 2002; Meeusen et al., 2013; Claudino et al.)201(Le Meur et al., 2013; Plews et al., 2014; Flatt and Esc0).2015
have been discussed for their potential as surrogate markers |ndividuals' HR(V) responses likely dier with training
for assessing fatigue, recovery, or performance. Ideallfha  context (i.e., training phase and history, exercise modaiitgl
they can be used frequently in sports practice, these measuli@gensity, and the time course of responsejtgnley et al.,
are non-fatiguing, easy to administer, inexpensive, andi§ea  2013; Buchheit, 2014; Schmitt et al., 2015he majority of
to performance changes and can provide immediate feedbagklevant scienti c reviews focus on either endurancerteai
(Starling and Lambert, 20).8 athletes Bosquet et al., 2008; Bellenger et al., 2pbéanon-
Monitoring the status of the autonomic nervous systemathletic populations Kingsley and Figueroa, 2016; Bhati et al.,
(ANS) with HR-based measures [HR and HR variability (HRV)201§. Based on this background and to extend insights into
indices] is an attractive option for testing due to its non- training context-speci ¢ HR(V) responses, we conducted two
invasiveness and time-e ciency when performed for an entirejndependent, similarly designed training trials using whbtedy
training group or team. Technological developments withinstrength training (ST) or high-intensity interval trainingd11T)
the last few decades have enabled practitioners to use pertalyerload microcycles in well-trained athletes. This studysai
devices to obtain accurate beat-by-beat recordigsifen and  to (1) determine the mean changes in HR and HRV measures
Jeukendrup, 2003; Quintana et al., 2012; Buchheit,)2&8%ell  during active orthostatic tests following ST and HIIT oweatl
as software and smart phone applicatiofigaft and Esco, 2013; and subsequent short-term recovery; (2) evaluate the &inT
Perrotta et al., 2017; Plews et al., 20to/obtain (almost) live petween changes in HR, HRV, and performance; (3) classify
individuals' HR(V) responses; and (4) analyze whether the use of
Abbreviations: 1RM, one-repetition maximum; ANS, Autonomic nervous system: Single-day vs. two-day to four-day average HR values a e@s th
CL, Con dence limits; ddi , standardized mean di erence using $tdi erences;  results of the three main analyses.

dpre, standardized mean di erence using between-subject Pt&BHIIT, High-
intensity interval training; HR, Heart rate; HRV, Heart rate variagiliHR(V),

Heart rate and heart rate variability; Ln RMSSD, Natural logarithm ef@SSD; M ATERIALS AND METHODS

Ln RMSSD/RR, Ln RMSSD to R-R interval ratio; MVIC, Maximum vadamy
isometric contraction; Pre, Baseline testing 1 day prior trainingrotgcle; Post1, Part|C|pantS

Follow-up testing 1 day post overload; Post4, Follow-up testing ¥s diost |nitially, 55 athletes were recruited, of which 51 met thelirsion

overload; RMSSD, square root of the mean squared di erences of ssicee . .. .
normal R-R intervals; RSA, Repeated sprint ability; SD, Standarteey ST, criteria and 45 competed the study (5 participants did not

Strength training; SWC, Smallest worthwhile change; TE, Typical érief; Peak m?e.t compliance criteria, one dropout du_e tq i_njury)- From the
velocity during the 30-15 Intermittent Fitness Test. original samples of 23 (9 female, 14 male) individuals perfagni
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ST and 22 (11 female, 11 male) individuals performing HIITlyon arm could not be considered for analyses. Data is provided as
19 (7 female, 12 male) and 18 (9 female, 9 male), respectiveBypplementary Material
participants provided a sucient quantity of resting HR
recordings to be included in this investigation (we setaimum  Training Program
of three baseline recordings and a maximum of one missin@he training microcycles were designed to induce functlona
recording during recovery). The general subject charésties overreaching and decrease discipline-specic criterion
are presented inTable 1 Preliminary health examinations, performance 1 day after training, with the e ects reversed
including resting and exercise electrocardiograms, cored the on the fourth day post-overload. Two training sessions were
absence of cardiovascular, pulmonary, or orthopedic disease performed per day, and on the fourth day of training, the
The following inclusion criteria were used for the ST group:morning session was substituted by an intermediate test of
estimated one-repetition maximum (1RM) for a parallel squat osurrogate measures, resulting in a total of 11 trainingisass
at least 80% of body mass for females and 120% of body makable 2 presents a general overview of the training schedules,
for males and a minimum of 3 years of lower-body strengthand more details can be found in other reporté/iewelhove
training with at least two strength training sessions per kvee et al., 2015; Raeder et al., 2116
The inclusion criteria for the HIIT group were as follows: peak ST combined multi-joint high-resistance training and
velocity during the 30-15 Intermittent Fitness Test£¥) of at maximal eccentric strength training, focusing mainly omvkr-
least 16 km/h for females and 19 km/h for males, and a minimunbody exercises (i.e., parallel squats). The training sestisted
of 5 years of team sport training. approximately 90 min. They started with a standardized dyrami
The investigation was approved by the ethics committee ofvarm-up, followed by lower-body exercises, and ended with a
the medical faculty of the Ruhr University Bochum and wascombination of upper-body, core, hamstring, and back exescise
conducted according to the guidelines of the Declaration oPreceding the main training exercises, participants performed
Helsinki. All subjects participated in the study voluntarilyere  speci ¢ warm-up sets of 5 to 3 repetitions at 50% and 70%
free to withdraw without penalty at any time, and provided of individual maximum performance, respectively. Exercise
written informed consent. Participation was rewarded with01 intensity was standardized in relation to the estimated imeat
e at the end of the investigation. dynamic strength (LRM) or maximum e ortTable 2.
HIIT included straight-line runs, straight-line sprints, én
shuttle runs performed on an outdoor 400 m Tartan track.
Experimental Design Training sessions lasted approximately 35 min. They starigd w
A repeated-measures study was used to investigate the e e@sstandardized 10-min continuous warm-up consisting of 40-m
of short-term fatigue and recovery on resting HR and HRVshuttle runs at approximately 60—70% of participants' maximum
measures [HR(V)]. The investigation comprised a 3-day restiR, followed by four 40-m acceleration sprints. Exercise intgnsi
period, baseline testing (Pre), a 6-day overload microcyeld, was standardized in relation to peak velocity during the 3-1
a 4-day recovery period, which included follow-up testing at lintermittent Fitness Test (1) or maximum e ort (Table 2.
(Postl) and 4 (Post4) days post-trainingigure 1). Overload
was induced by either intensive whole-body ST or HIIT in twoProcedures
independent study arms. Health examination (incl. survey oPerformance Measures
medication and nutritional supplementation), determinatiof A detailed description of the testing procedures can be found
peak oxygen consumptioniO,peak)and familiarization trials in the original publications regarding STR@eder et al., 20).6
for training and testing procedures were conducted 1 weeknd HIIT (Wiewelhove et al., 20150n the testing days Pre,
before baseline testing. Discipline-speci c maximum e orst® Postl, and Post4, participants in the ST overload group were
were used as criterion measures to assess fatigue- andergeov subjected to maximum dynamic and isometric strength tests.
related changes in performance. HR(V) measures were record€literion performance was measured by participants' 1RM for
daily during the main 14-day study period (including the restparallel squats. On the main testing days, participants in tH& H
period, overload training, and recovery). An overview of theoverload group were subjected to maximum intermittent shastt
experimental design is shown Figure 1 run test and a repeated sprint ability (RSA) test. RSA was de ned
The analyses presented below were part of an extensigg the criterion performance measure.
investigation protocol evaluating the ability of di erent pattial
surrogate markers to assess fatigue- and recovery-relategjes Incremental treadmill test
in criterion performance at various overload training camps.(  An incremental treadmill test (Ergo ELG2, Woodway GmbH,
cycling-based endurance training, running-based HIIT,olea ~ Weil am Rhein, Germany) using a breath-by-breath gas
body ST) using a consistent design. The results regardieg tfcollection system (ZAN600USB, nSpire Health GmbH,
performance tests\{fiewelhove et al., 2015; Hammes et al.Oberthulba, Germany) was employed to meas¥f&.,peak
2016; Raeder et al., 20Q1llood-borne markers Hecksteden in order to characterize the participants aerobic capacity.
et al.,, 201p psychological measuresii(zschke et al., 20)7 Initial velocity was set at 8km/h, with 2km/h increments
and muscle mechanical propertiesie( Paula Simola et al., introduced every 3min and a constant incline of 0.5% until
2016 have already been published. Due to insu cient HR(V) voluntary exhaustion. The highest 30 s mean value was de ned
baseline recordings, the cycling-based endurance trgistndy — as thePO,peak.
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TABLE 1 | Subject characteristics.

Age Height Weight BMI VO, peak PTRS Training volume
(years) (cm) (kg) (kg/m 2) (ml/kg/min) (km/h) (n/week) (h/iweek)

STRENGTH TRAINING

female 6 D 7) 250 15 167.0 4.9 620 7.0 222 1.4 455 45 145 1.3 41 13 79 35
male (D 12) 241 22 1799 54 778 6.7 240 1.7 56.6 4.8 16.6 0.8 42 15 72 31
overall 6 D 19) 244 2.0 175.2 8.2 719 10.2 233 1.8 525 7.1 158 15 42 14 74 3.2
HIGH-INTENSITY INTERVAL TRAINING

female 6 D 9) 271 3.6 171.3 3.8 640 51 218 1.4 53.1 5.0 151 16 40 138 53 3.6
male (D 9) 270 21 180.8 5.4 73.7 6.7 226 2.7 635 8.8 17.7 20 43 17 6.7 35
overall 6 D 18) 271 28 176.1 6.7 68.8 7.6 222 21 58.3 8.8 16.4 22 42 17 6.0 35

Data are shown as mean standard deviation. BMI, body mass index¥’ O,peak, peak oxygen uptake; PTRS, peak treadmill running speed.

-7 -4 1 Days 5 1
: ! ! ! ! !
Health Six-day overload training microcycle
examination Rest with a total of eleven >
(no training or strength or HIIT training sessions [
Testing and fatiguing exercise) [ ) §
training 'lHl' -ZI I3
familiarization

<+—— Run-in period —— > <+ |Intensified training microcycle — <— Recovery period —

14-day Resting HR(V)-Monitoring: 7 min supine + 5 min standing

Surrogate markers
Heart Rate (variability)

Training specific performance tests (Pre, Post1, Post4) ] :
Criterion tests '
High-intensity interval training: Repeated sprint ability i Performance testing |
Strength training: 1RM squat ! Blood-borne markers |

Additional performance tests Psychometry
High-intensity interval training: 30-15 Intermittent Fitness Test Tensiomyography

Strength training: 1RM bench press, MVIC squat & bench press

FIGURE 1 | Experimental design. HIIT, high-intensity interval traignHR(V), heart rate (variability); MVIC, maximum voluntaspmetric contraction; 1RM,
one-repetition maximum. Surrogate measures in italics armeasures that were published previously and are not part ohis article (see Methods section).

Maximum voluntary isometric contraction (Technogym, Cesena, ltaly). Squat depth was standardized usi
Participants’ maximum voluntary isometric contraction (M&)  an integrated linear transducer that produced acoustic glito
force output for parallel squat and bench press exercises wasark the turning point of the motion. Participants completed
determined using a Multitrainer 7812-000 testing deviceilsim two warm-up sets of 5 and 3 repetitions at 50 and 70% of their
to a Smith machine (Kettler Pro line, Ense-Parsit, Germpagd  individual 5-10 RM, respectively. Using a formula by Brzycki
the corresponding user software (DigiMax, version 7.X). tloin(Maud and Foster, 20Qgparticipants’' 1RM was estimated based
angles were set at 90sing a goniometer and the corresponding on the heaviest 5-10 RM lift within a maximum of three testing
testing device position was kept constant throughout the gtud sets separated by rests of 3 min. Tests were stopped when the
Following two submaximal practice trials at50 and 70% of subjects were unable to raise the barbell using a proper teakniq
participants' MVIC, the participants were asked to produceor when the supervisors' help was required. The reliabilftthe
a 3-s MVIC with initial slow force development. MVIC test 1RM squat test was previously investigated in our laboratody a
performance was de ned as the mean force of two attemptwas determined to be high [1RM (kg)D 38, ICCD 0.96, TE 5.2
separated by a rest of 2 min. (Raeder et al., 20)]6 Participants' 1RM performance was later
used to calculate the exercise intensity of the training geots.
One-repetition maximum
Participants’ maximum dynamic strength was assessed 60 miRepeated sprint ability
after MVIC testing for parallel squat (ST criterion performa&nc Participants' RSA (HIIT criterion performance measure) was
measure) and bench press exercises using a Smith rack machdetermined using a non-motorized treadmill (Force 3.0,
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TABLE 2 | Overload training microcycles.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

STRENGTH TRAINING

a.m. FW squats FW squats FW squats Intermediate FW squats FW sats
TD bench press DS bench press DS bench press testing DS benchness DS bench press
Hamstrings, back & core  Hamstrings, back & core  Hamstringshack & core Hamstrings, back & core  Hamstrings, back & core
p.m. EO squats TD squats EO squats TD squats EO squats TD squst
TD squats FW squats TD squats FW squats TD squats FW squats
EO bench press TD bench press EO bench press TD bench press EOdnch press TD bench press

Hamstrings, back & core  Hamstrings, back & core  Hamstringshack & core  Hamstrings, back & core  Hamstrings, back & core  Hinstrings, back & core

Protocol Volume (sets repetitions) Intensity (% 1RM) Rest
TD 4 6 85 3 min
DS 1 6 (C3drop sets) 85 (70-55-40) 30s
EO 4 6 100 ECC-70 CON 3 min
FW 4 6 (C2accreps) Maximum effort 3 min

HIGH-INTENSITY INTERVAL TRAINING

a.m. Straight-line runs Straight-line runs Straight-lineuns Intermediate Straight-line runs Straight-line runs
4 4min, 80% Ve 7 2min, 85% VieT 4 4min, 80% Vgt testing 4 4min, 80% VieT 7 2min, 85% Vit
(r D 3min) ¢ D 2min) ¢ D 3min) (r D 3min) ¢ D 2min)
p.m. Straight-line sprints 40m-shuttle runs Straight-lia sprints 40m-shuttle runs Straight-line sprints 40m-shute runs
4 6 5s,allout 2 12 30s,90% VT 4 6 5s,allout 2 12 30s,90% Vet 4 6 5s,allout 2 12 30s,90% VigT
(rD 25s; RD 5min) ¢D 30s; RD 3min) ¢ D 25s; RD 5min) ¢ D 30s; RD 3min) ¢D 25s; RD 5min) ¢D 30s; RD 3min)

FW, ywheel YoYo squat; TD, traditional multiple sets; DS, drop sets; EOceentric overload; 1RM, one-repetition maximum; ECC, eccentric; CON, corentric; acc reps, acceleration
repetitions; VIFT, peak running speed obtained in the 30-15 Intermitterititness Test; r, passive recovery between intervals; R, passive reaay between series.Raeder et al. (2016)
Wiewelhove et al. (2015goi: 10.1371/journal.pone.0139801.t002

Woodway GmbH, Weil am Rhein, Germany). The participantsrecordings, the participants were asked to leave their eyas, ope
completed a standardized warm-up prior to the trial. The testoreathe calmly, and avoid movement. A general brie ng and
consisted of six 4-s maximal sprints beginning from a stagdin written guidelines for the orthostatic test were provideddre
position with passive recovery of 20s between sprints. Théne beginning of the study (seSupplementary Material for
highest velocities measured for each sprint were recorded, a details). R-R series were recorded using Polar RS800cx heart
the mean peak velocity was calculated. The reliability of theate monitors (Polar Electro, Kempele, Finland), and the data
RSA test was previously investigated in our laboratory and wasere transferred to the software Polar Pro Trainer 5 (versio
determined to be high [mean peak velocity (mis)) 17, ICCD  5.40.170, Polar Electro, Kempele, Finland). Polar les ()hrm

0.92, TE 0.1\iewelhove et al., 20)p were then exported and used for further processing. HR, the
natural logarithm of RMSSD (Ln RMSSD) and the Ln RMSSD
Intermittent aerobic performance to R-R interval ratio (Ln RMSSD/RR Ln RMSSD divided by

Maximum intermittent aerobic performance was assesseddbaséhe mean R-R interval) were calculated during the last 5min
on participants' peak running speed &) during the 30- for which participants were supine and the 5-min standing
15 Intermittent Fitness TestBuchheit, 2008 The test was Mmeasurements using Kubios (version 2.2, Biosignal Analysis a
conducted on an outdoor Tartan track. Participants were ¢ask Medical Imaging Group, University of Eastern Finland, Finland
with running back and forth between two lines set 40 m apart(Tarvainen et al., 2034The Ln RMSSD, which is considered to
The shuttle runs were 30's with 15 s of passive recovery betwele@ measure of vagal-mediated HRV (at least in the acutejterm
each run. The initial running speed was set at 8 km/h, with(Malik et al., 1996; Carter et al., 200®as chosen as the primary
stepped increases of 0.5km/h every 45s. Running speed waBV marker because it features high reliabilitgl (Haddad
declared using audio signals, ang-¥was de ned as the velocity et al., 201)Land is less a ected by di erent breathing patterns
of the last completed stage;r¥ was later used to calculate the compared to spectral analysiBenttila et al., 2001; Saboul et al.,

exercise intensity of the training protocols. 2013. Additionally, average HR was calculatediivs et al.,
2013; Buchheit, 20)4o0 further allow comparison of whether
Heart Rate and Heart Rate Variability HRV is more sensitive to overload- and recovery-relatechges

Every morning, an active orthostatic test (7 min supine, 5mirthan HR. It remains unclear whether HRV is more sensitive
standing) was performed after participants' awoke and emptiethan HR to changes in athletes' training stati&ll(nan et al.,
their bladder throughout the main 14-day study period. Dugin 2015b; Schneider et al., 2)18inally, as previously proposed,
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the Ln RMSSD/RR was determined to gain further insights intdre, Post1, and Post4 with JASP. Individual HR and Ln RMSSD
the association between HRV and average HfRe\(s et al., time series were correlated with Microsoft Excel. Threshold
2013; Buchheit, 2014; Billman et al., 2015b; Trimmel et alvalues for were>0.1 (small)> 0.3 (moderate), and 0.5 (large)

2015 Editorial). (Hopkins et al., 2009
) o ) The mean dierences and correlations were calculated for
Data Analysis and Statistical Analysis changes in daily HR(V) measures and the 2-, 3-, and 4-day gllin

Data are presented as mean standard deviation (SD) averages. When the 90% con dence intervals overlapped small
unless otherwise speci ed. For our statistical analyses,seél u positive and negative values, the e ects were deemnedear
Microsoft Excel 2016 (Microsoft O ce 365, Version 1810, (Hopkins et al., 2000
Microsoft Corp., Redmond, WA, USA) for basic calculations Individual responses were classi ed ldely to be increased
and descriptive statistics and the free open-source softWa®® or decreased when changes exceeded the TE. Therefore,
(Version 0.8.6, Amsterdam, NetherlandSpGP Team, 20)for  this category (i.e., “likely”) includes changes for whidhe t
inferential procedures. The Shapiro-Wilks test was usedtifywe approximate 50% con dence interval associated with the
the assumed normal distribution of data. Statistical aredy@re observed change (i.e., TE) does not include zero change
provided as JASP les (.jasp) in tisipplementary Material (Hopkins, 2004; Swinton et al., 2Q18f changes in TE
The day-to-day reliability of resting HR(V) indices were occurred, individual responses were classi ediaslear Group-
assessed using specically designed spreadshésigki(is, based TE \(Viewelhove et al., 2015; Raeder et al., 04&s
2015h. The typical error (TE) was selected as the reliabilityused to assess performance changes, and individual TE4.e.,
statistic of interest and was calculated by dividing thendéad  day baseline SD) was used to classify changes in HR(V) indices.
deviation (SD) of day-to-day di erences (SD) by2 pooled for  Subsequently, 3 3 tables were created to descriptively evaluate
the four-day baseline period (i.e., the di erences betweeysda the categorial agreement between changes in performance
1 and 2, 2 and 3, and 3 and 4H¢pkins et al., 2001 The (i.e., criterion) and HR(V) measures (i.e., surrogate) a$l we
group-based smallest worthwhile change (SWC) was de ned &g the agreement between changes in HR and Ln RMSSD
0.2  between-subject SD for pooled baseline measuremenighen using single-day values or 4-day averages, respectively
(Hopkins et al., 2000 TE and SWC were calculated as absolutd’he evaluation of categorical agreement (i.e., 33 tables)
and percentage values. The spreadsheets used for the asgessiegers to the commonly proposed threshold-based approaches to
are provided aSupplementary Material assess individual HR(V) changes, for example using the TE or
Di erences between the three main time points (Pre, PostISWC as cut-o values for decision-makin@lews et al., 2013;
and Post4) were tested by repeated measures analysis ofoeariaBuchheit, 2014 and is aimed to complement the assessment of
(ANOVA; repeated factor: time; grouping factor: sex) inclugli continuous association (i.e., correlations) between HR(M) a
sex as grouping factor to determine possible sex di erences iperformance measures.
HR(V) responsesAubert et al., 2003; Sandercock et al., 2005
The violation of sphericity was adjusted by Greenhouse<geis RESULTS
correction. Bonferroni-adjustep-values ppont) are reported for

pairwise comparisons. The level of signi cance was sgt at  gstatistically signi cant sex di erences were apparent (magce
0.05. Further, pairetiests were used to calculate 90% con denceyfsexp  0.05) in the performance data (ST, HIIT) as well as the
limits (CL) for the mean dierences and standardized e ectstanding HR (ST, HIIT) and Ln RMSSD (ST) values. In absence of

sizes ). The magnitude of changeife) was evaluated using clear interactions between time and sex, statistical aealy@re
the between-subject Pre-test SD. Thepe and 90% CL were conducted only for pooled data.

calculated in MS Excel and adjusted for the sample size using the

following formula Cumming, 2012p. 294): Baseline Recordings and Missing Data
During the baseline period, one supine and/or standing HR(V)
. 3 recording was missing for three ST and four HIIT participants.
dunbiasedd 1 4df 1 @) Another HR(V) recording for the day following Postl was

missing for one ST participant. This missing data slightly aezt

wheredf is the degree of freedom of the SD estimateld n 1). the 3- and 4-day rolling averages, but not the degrees ofiéree
The threshold values fafpe were> 0.2 (small)> 0.6 (moderate), for the analyses.
and> 1.2 (large) Hopkins et al., 2000 Descriptively, the day-to-day reliability of HR and Ln RMSSD,

To evaluate the consistency of within-subject changgs) expressed as the typical error (TE in %), was larger when the
between the di erent measures used within our study, mearmparticipants were standing compared to supine in the ST group
di erences were standardized according to the SD of di erence(HR: C2.1%; Ln RMSSDC1.3%), HIIT group (HR:C2.3%; Ln
(Dankel and Loenneke, 20)L8Then, dg; and 90% CL were RMSSD:C5.1%), and pooled data of the ST and HIIT groups
calculated with JASP. (HR: C2.0%; Ln RMSSIC3.2%) [able 3. Baseline HR (i.e., 4-

The Pearson correlatiom)and 90% CL were used to evaluateday average) was slightly lower for the HIIT group compared to
the associations between changes in HR(V) and performandbe ST group in a supine position [di erence:3 bpm, smallest
measures as well as between HR and Ln RMSSD. In accordaneerthwhile change (SWC): 1-2 bpm]. However, it was slightly
with previous analysesP(ews et al., 20)4percentage changes higher when participants were in a standing positi@®2 bpm).
from the previous values were correlated for changes betwe&i erencesin Ln RMSSD remained below the SWKalfles 3-5).
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TABLE 3 | Day-to-day reliability and smallest worthwhile change faesting heart rate (variability) measures during the 4-ddyaseline period.

Typical error Smallest worthwhile change

SUPINE RECORDINGS

HR ST 3 (3:4) bpm 5.7 (4.8;7.1) % 1 1, 2) bpm 2.5 (2.0; 3.5) %
HIT 3 (2;4) bpm 4.9 (4.2,6.3) % 2 (1,2 bpm 2.6 (2.0; 3.6) %
pooled 3 3;4) bpm 5.4 (4.8;6.3) % 2 1,2 bpm 2.6 (2.1;3.2) %

Ln RMSSD ST 0.24 (0.20; 0.29) ms 6.0 (5.1;75) % 0.11  (0.08;05) ms 2.7 (2.1;3.7) %
HIT 0.21 (0.17; 0.26) ms 6.1 (6.1;,7.7) % 0.11  (0.09;0.16) ms 3. (2.4; 4.3) %
pooled 0.22 (0.20; 0.26) ms 6.0 (53,700 % 0.11  (0.09;0.13) ms 2.8 (2.4; 3.5) %

Ln RMSSD/RR ST 0.21 (0.18; 0.26) 108 5.2 (4.4,6.4) % 009 (0.07;0.12) 105 21 (1.7; 2.9) %
HIT 0.28 (0.23; 0.35) 108 7.4 (6.2; 9.4) % 0.09 (0.07;0.12) 108 2.3 (1.8;3.2) %
pooled 0.26 (0.23; 0.30) 108 6.7 (5.9; 7.8) % 0.09 (0.07;0.11) 108 2.2 (1.9; 2.8) %

STANDING RECORDINGS

HR ST 6 (5;8) bpm 7.8 (6.6;9.7) % 2 (2;3) bpm 2.6 (2.1;3.7) %
HIT 6 (5:8) bpm 7.2 6.1,92) % 3 (2;4) bpm 3.5 (2.7, 4.9) %
pooled 6 5;7) bpm 7.5 (6.6; 8.7) % 2 (2;3) bpm 3.0 (2.5; 3.8) %

Ln RMSSD ST 0.24 (0.21; 0.30) ms 7.2 (6.1;9.0) % 0.12  (0.09;06) ms 3.6 (2.9;5.1) %
HIT 0.27 (0.23; 0.34) ms 111 (94;142) % 0.14 (0.11;020) ms 56 (4.4;8.0) %
pooled 0.25 (0.22; 0.29) ms 9.1 (8.1;10.6) % 013  (0.11;0.15 ms 4.7 (3.9;5.9) %

Ln RMSSD/RR ST 0.28 (0.24; 0.35) 108 6.6 (5.6; 8.2) % 0.12 (0.09;0.16) 108 2.7 (2.1, 3.7) %
HIT 0.22 (0.19; 0.28) 108 6.5 (5.5;8.2) % 0.13 (0.11;0.19) 108 3.6 (2.8;5.1) %
pooled 0.25 (0.23; 0.29) 108 6.5 (5.7;75) % 013  (0.11;0.16) 108 3.2 (2.7; 4.0) %

Data are shown as mean values and 90% con dence interval. Relidiy statistics were calculated for baseline measurements using spécally designed spreadsheet (Hopkins, 2015b).
HR, heart rate; Ln RMSSD, natural logarithm of root mean square of suessive differences between adjacent beat to beat intervals; Ln RMIBRR, Ln RMSSD tg R-R interval ratio;
ST, strength training (nD 19); HIIT, high-intensity interval training (B 18), pooled (nD 37). Typical error: Standard deviation of day-to-day differences divided by 2 pooled for the
4-day baseline period. Smallest worthwhile change: 0.2 pooled between-subject SD for baseline measurements.

Performance to 0.59) and increased after PostllRostl to Post4dyre D
Participants' 1RM performance in the squat exercise (i.eQ.09 to 0.31). The mean standing Ln RMSSD showed an inverse
criterion) was slightly decreased at Postl b§.4kg (90% CL, responseX Pre to Postldye D 0.38 to 0.471 Postl to Post4:
7.8; 1.0kg) and was increased at Post4 ®¢.0kg (1.0; dpeD 0.06to0 0.20;Table 5. ChangesinLn RMSSD/RR were
7.1kg). A statistically non-signi cant main e ect was reV@é unclear for both groups and for both recording positions (see
for time (p D 0.097). Maximum dynamic and isometric bench Supplementary Tables 1, Bor detailed results).
press performance showed statistically signi cant but maagi An overview of the time course of mean HR(V) measures is
changes over time (main time e ectp:  0.005, dlpre]  0.10; presented inFigure 2 and the mean changes are presented in
Table 4. Repeated sprint ability and maximum intermittent Tables 45 (seeSupplementary Tables 1-for extensive results).
aerobic performance showed small changes over time (maim timAveraged HR(V) values yielded more precise interval estimates
eects:;p  0.005,direl 0.27). The mean peak velocity in the for mean changes (i.e., smaller con dence intervals angelar
RSA test (i.e., criterion) was decreased at Postl 818 m/s dg; ) compared to single-day valuesigure 3 Tables 45,
( 0.23; 0.12 m/s) and was increased at Post4@).18 m/s Supplementary Figure 1Supplementary Tables 1,2
(0.08; 0.27 m/stable 5.

Time Course of HR(V) Measures Association Between Changes in

For the ST group, daily resting HR increased above the SwEerformance and HR(V)

from second day of training to Postl when participants werd-or both the ST and HIIT groups, the majority of correlation

in a supine position (e ect magnitude range for single day andanalyses between performance and HR(V) changes were unclear,
2- to 4-day averaged valuek,Pre to Postldye D 0.36 to or inconsistent for changes from Pre to Postl compared
0.50) and decreased at Post4Rostl to Postddye D 0.30 to changes from Postl to Post4. Moreover, the e ect of
to 0.40). The mean supine Ln RMSSD showed an inveragsing average HR(V) values compared to single-day values
response I Pre to Postldye D 0.43 to 0.51;1 Postl to remained unclear for estimate precision (con dence intesyal
Post4.dpre D 0.19 to 0.32Table 4. For the HIIT group, daily and the magnituder( of correlations. The detailed results of
HR was decreased beyond the SWC from the fourth day dhe analyses are presented Supplementary Figures 2, 2and
training in the standing positionX Pre to Postldye D 0.50 Supplementary Tables 3, 4
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FIGURE 2 | Time course for supine (left) and standing (right) mean résg heart rate (variability) measures in the strength trainy (A) and the high-intensity interval
training (B) study arms for isolated daily values and rolling 2—4-day avages. Gray horizontal bar: smallest worthwhile change (8. pooled between-subject SD for
baseline measurements; se€lable 3 for details); single-day: thin lines with colored marking®-day rolling average: dotted lines; 3-day rolling averag dashed lines;
4-day rolling average: bold lines. HR, heart rate; Ln RMSSatural logarithm of root mean square of successive differees between adjacent beat to beat intervals;
Ln RMSSD/RR, Ln RMSSD to R-R interval ratio.

Individual HR(V) Responses decreased Ln RMSSD. Regarding Pre to Postl changes in
Individual HR(V) responses are presented as single-day and 4-day HR(V) averages, 10 athletes showed likely increased
day average values and in reference to the TE as a thresh##iR and 1 athlete showed likely decreased HR. Ln RMSSD
for response classication for the recording position thatwas likely decreased in 8 athletes. Of the 10 athletes whose
was sensitive to group changes (ST: supine recordings; HIlSguat 1RM decreased, 6 had likely increased HR and 4
standing recordings). had likely decreased Ln RMSSD. When classifying individual

Within the ST group (supine recordingsy D 19), Pre to responses in three categories (likely increased, uncléaty li
Postl changes in single-day HR were likely (i.e., beyond decreased), changes in squat 1RM and HR(V) agreed with
individual TE) increased in 10 athletes and likely decrdasethe direction of group changes in the HR of 8 and 9
in 3 athletes. Ln RMSSD was likely decreased in 9 athletathletes (single-day and 4-day average, respectively) and in
and increased in 1 athlete. Of the 10 athletes whose squdite Ln RMSSD of 9 and 7 athletes (single-day and 4-
1RM (criterion performance) decreased below group-baseday average, respectively). fable 6 blue and gray values
TE (4.9%), 5 had likely increased HR and 5 had likelyepresent agreement.
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FIGURE 3 | Standardized mean differencesdpre) for changes in heart rate (variability) measures from Pre Postl and from Post 1 to Post4 for(A) strength training
and (B) high-intensity interval training. Heart rate (variabjljtmeasures are provided as single-day values and 2—4-day lfmg averages. HR, heart rate; Ln RMSSD,
natural logarithm of root mean square of successive differees between adjacent beat to beat intervals.

For the HIIT group (standing recordings) D 18), Pre to to Post4) according to single-day measures. The correlstio
Postl changes in single-day HR was likely decreased in b2tween HR and Ln RMSSD were moderate to large for changes
athletes and likely increased in 2 athletes. Ln RMSSD wag likddetween main testing days © 0.33 to 0.77) and large
increased in 9 athletes and decreased in 2 athletes. Of the i individual time series (mear D 0.61 to 0.67). In
athletes whose RSA (criterion performance) decreased beldive HIIT group (standing recordings), categorial assdoia
group-based TE (1.8%), 10 had likely decreased HR and 8 hadtween changes in single-day HR and Ln RMSSD showed
likely increased Ln RMSSD. Regarding Pre to Postl changesdgreement for 13 of 18 athleteg Pre to Postl) and 12 of
4-day average HR(V), 9 athletes showed likely decreased HR athletes { Postl to Post4). Correlations between HR and
and 1 athlete showed likely increased HR. Ln RMSSD was likelyn RMSSD were trivial to moderate for changes in supine
increased in 8 athletes and likely decreased in 2 athletetheO recordings ( D 0.35 to 0.06), large for changes in standing
15 athletes whose RSA decreased, 8 had likely decreased HR sgabrdings ( D 0.58 to 0.76), and large for individual time
8 had likely increased Ln RMSSD. When classifying individuaderies (mearr D  0.50 to 0.78). Most of the time, use of
responses in three categories (likely increased, uncligaty | 4-day averages resulted in higher overall categorial egget
decreased), changes in RSA and HR(V) agreed with the directi@and mostly increased agreement fanclearchanges (i.e., HR
of group changes in the HR of 11 and 10 athletes (single-degnd Ln RMSSD changes within TE). In Table 7, blue and
and 4-day average, respectively) and in the Ln RMSSD of IfJay values indicate agreement. A full account of individua
and 11 athletes (single-day and 4-day average, respectilrely) responses is provided in thBupplementary Figures 4, Jand
Table § red and gray values represent agreement. Individugupplementary Tables 5=7
responses within the HIIT group (standing recordings) are
detailed inFigure 4.

In the ST group (supine recordings), categorial associationD|SCUSSION
between changes in HR and Ln RMSSD showed agreement
(i.e., likely increased HR and likely decreased Ln RMSSOOhe purpose of this study was to characterize changes in
and vice versa) for 11 of 19 athletesHre to Postll Postl HR and vagal HRV in response to ST and HIIT overload
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TABLE 6 | Example 3 3 tables for individual response classi cation for changes ~ EVidence of Autonomic Modulation in

from Pre to Postl of criterion performance and resting heantate (variability) _
measures using single-day and 4-day average values. Response to Short Term ST and H I IT
Overload

Strength training During ST overload, on average, supine HR increased, and
supine Ln RMSSD decreased. The eects were reversed
during the recovery period. Standing HR(V) recordings

Supine recordings

HR Ln RMSSD remained unchanged. These observations suggest small,
Single-day 1RM - o C - o c reversible, decreased parasympathetic activity (increased H
- 10 2 5 5 4 1 and decreased Ln RMSSD) for the supine resting condition.
o 7 2 5 3 4 However, autonomic responsiveness to orthostatic stress
2 1 1 1 1 remained una ected suggesting that ST overload did not impair
4-day average HR Ln RMSSD parasympathetic withdrawal and/or sympathetic activation
1RM - o c - ° c in response to standing up. As previously reported, overload
- 10 1 3 6 6 induced substantial changes in perceived stress and regcover
0 7 3 4 3 (Hitzschke et al., 20)7creatine kinase and c-reactive protein
2 2 2 (Hecksteden et al., 20),6and jump performance Kaeder

et al., 201p The ndings concerning the supine recordings
align with the results of a recent review on the e ects of
Standing recordings resistance exercise and training on HRX/r{gsley and Figueroa,
2016. This suggests a prolonged decrease in parasympathetic

High-intensity interval training

HR Ln RMSSD modulation in young, healthy adults following acute whole-
' RSA _ ° c _ ° c body resistance exercise. For example, vagal HRV (i.e., high
Single-day - e s 2 A frequency power) was reduced for at least 24 h after trained
© 3 2 ! 2 ! weightlifters performed whole-body resistance exercises for
2h (Chen et al., 2001 In addition, the weightlifters had

4-day average HR Ln RMSSD impaired weightlifting performance and increased creatine
RSA - o ¢j- o C kinase concentrations. Unfortunately, previous studies on
- Bs 6 1 2 5 2 HRV responses to acute resistance exercise in strength-

° 8 1 2 g trained subjects have either used substantially less sessio

c volume (Gonzalez-Badillo et al.,, 2016; Pareja-Blanco et al.,

Datainthe 3 3 tables represent the number of observed individual responses classd 201_/) or reported Only acute e ects within a few hours after
for 9 response types (3 response types for criterion and heart rate (vability) measures, ~ exercising Kingsley et al., 2014; Figueiredo et al., 2015a;
respectively). HR, heart rate; Ln RMSSD, natural logarithm of root measquare of Figueiredo et al. 2015_13

sucgessivg difference-s between adjacenj( bea‘t‘toA beat intervals; 1RM, mrgpetition In response to the HIT microcycle, supine HR(V) recordings
maximum in the squat; RSA, repeated sprint ability; —, observed reduction typical error
(TE); o, observed changes< TE;C, observed increase> TE. Group-based TE were used remained unchanged on average. However, standing HR
for criterion measures (seeWiewelhove et al., 2015; Raeder et al., 201pand individual ~ decreased and standing Ln RMSSD increased, with reverse
TE was used for heart rate measures (individual SD during 4-day basei period). changes occurring during recovery. Similar to ST, HIIT dead
induced substantial changes in perceived stress and rgcover
(Hitzschke et al., 20)7 creatine kinase Hecksteden et al.,
and short-term recovery. The main nding was that the 2019, and jump performance Wiewelhove et al., 20)5as
HR(V) patterns identied during active orthostatic testing previously reported. In combination with stable HR(V) in a
displayed altered supine HR(V) following ST while standingsupine position, the changes associated with a standing positio
measures remained stable. Following HIIT, standing HR(VYe ectan attenuated dynamic cardiovascular response toldyi
measures were de ected while supine measures remain@tanging from a supine to standing position. These ndings
unchanged. Both continuous and categorical associatiorisay be attributed to the so-called saturation phenomenort tha
between changes in HR(V) indices and performance chang@scurs in the supine position and reduced vagal withdrawal
were weak or unclear. Further, our data suggested that th@nd/or reduced sympathetic activity during orthostaticests.
use of rolling averages may improve statistical sensititty The saturation phenomenon indicates a loss of the relatignsh
group changes compared to the use of single-day HR(Vjetween HR and vagal HRV. It was suggested to be ascribed
However, in the present study, average values appeared t® Saturation of acetylcholine receptors at the myocyte |evel
be detrimental for assessing individual short-term resmsns which may further suppress respiratory heart modulation and
when using the TE as a response threshold, as the magnitutfeus reduce vagal HRV measures at low HRi¢hheit, 201}
of day-to-day changes was reduced. This may compromisEhe saturation phenomenon is generally associated with low
sensitivity by decreasing signal-to-noise ratio, resglti HR—it can occur at an HR of 60 bpm or lower Kiviniemi
in a decreased magnitude of change compared to thet al., 2004; Plews et al., 2012, J0¥ditionally, it may be
baseline variability. partially related to aerobic capacitifif/iniemi et al., 200% This
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A Single-day values
A Pre to Postl

A Postl to Post4
HR(V)
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B 4-day averages
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FIGURE 4 | Individual responses as percentage changes in criterion pfarmance and standing heart rate (variability) measures R{V)] for high-intensity interval

training overload. HR(V) measures are provided as d#\) single-day values and(B) 4-day rolling averages. RSA, repeated sprint ability; HR dart rate; Ln RMSSD,
natural logarithm of root mean square of successive differees between adjacent beat to beat intervals. Vertical liree group-based typical error (TE) for RSA (black),
smallest worthwhile change (se€Table 3) in HR (blue), and Ln RMSSD (red). Error bars: individual Eday baseline SD). Dashed circles: changes exceed TE.
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TABLE 7 | Example of 3 3 tables for individual response classi cation for (i.e., 6 3min intervals above ventilatory threshold 2) returned
changes frqm Pre to Postl and Postl to Post4 of resting heartate and Ln to the pre-exercise level within a few hours in trained anchhig
RMSSD using single-day and 4-day average values. trained subjects POomax: 60 5, and 72 5 ml/min/kg,
Strength training respectively) $eiler et al., 2007 This suggests that vagal HRV
indices might even overcompensate within the hours or days
Supine recordings following very intense or prolonged exerciseéoftenrott and
1 Pre to Postl 1 Postl to Postd Hoos, 201Y). This hypothesis is supported by previous studies,
where increased Ln RMSSD were observed after 2 to 3 weeks
Ln RMSSD Ln RMSSD of endurance-based overload traininge( Meur et al., 2013;
Single-day HR - o c HR - o Bellenger et al., 201Bwhere average between-session recovery
_ 1 2 _ 1 7 was likely smaller than 24 h. Another possible explanation for
o 1 4 1 o 3 4 the reduced HR and increased Ln RMSSD in standing position
c 7 3 c 4 following overload, could be altered sympathetic nervous
4-day system activity (e.g., due to reduced catecholamine egoret
average Ln RMSSD Ln RMSSD desensitization of cardiac beta-adrenergic receptarshifiann
HR Z o c | HR Z o C etal., 1998 which would become more evident after an increase
_ 1 _ 1 2 in sympathetic activity in response to orthostatic stress.
o 2 6 o 15 1 The results agree with a meta-analyé&lsi(enger et al., 201pa
c 6 4 c on the e ects of adaptation to endurance training on markers
of autonomic HR regulation. Similar to the e ects in the HIT
High-intensity interval training group, this meta-analysis reported a small increase in RMSSD
following short training periods (i.e., 2 or 3 weeks), whicl le
Standing recordings to decreased exercise performance. In addition, previouiestu
1 Pre to Postl 1 Postl to Postd reported that standing HRV may be more sensitive to training-
related changes compared to supine HRV as orthostatic stress
Ln RMSSD Ln RMSSD may overcome possible saturation e ecte(Meur et al., 2013;
Single-day HR - o C HR - o c Bellenger et al., 201kb
- 4 8 - 2 1 To our knowledge, this is the rst study to report HR(V)
o 3 1 0 5 1 responses to ST and HIIT overload and subsequent short-
c 2 c 2 term recovery measured with daily active orthostatic tedis
4-day observed di erent HR(V) patterns during the orthostatic tests
average Ln RMSSD Ln RMSSD in response to the two di erent training modes, which might
HR - o c HR - o c re ect activity- and/or fatigue-speci ¢ autonomic modulains
_ 2 7 _ 3 (Schmitt et al., 2015a Changing from a supine position to
0 1 & 1 0 1 9 2 an active standing position causes a stress response due to the
c 1 c 1 gravitational shift of blood from the central venous syst&mn

— | A f R the lower extremities. This leads to severe vagal withdrawa
Cace  or 3 possibl responce ypes (3 response types or neart rtand L Anioep, WEll @8 an increase in sympathetic-mediated vasomotorigetiv
respectively). HR, heart rate; Ln RMSSD, natural logarithm of root measquare of in order to preserve arterial blood pressure and avoid cetebra
successive differences between adjacent beat to beat intervals; —, olsved reduction  hypoperfusion Buchheit et al., 2009a; Hottenrott and Hoos,
> typical error (TE); o, observed chgnge_s TE;C,obsgrved increase.> TE.IndividuaI TE 2013_ Since Supine and standing HR and HRV measures are
was used for heart rate measures (individual SD during 4-day baseé period). . . . .

in uenced by the involvement of dierent cardiopulmonary

receptors, we performed both supine and standing recordings.

The postural HR(V) pro les were fully independent and non-
hypothesis (i.e., the presence of saturation in the supineipait exchangeable in elite endurance athlefeshfnitt et al., 2015a,b
is supported by the supine baseline HR of 57 bpm (i.e., 4-da@ur observations provide some support for these arguments,
average) for the group and the fact that 14 of 18 athletes sdow as only combining supine and standing recordings enabled us
supine baseline HR below 60 bpm. The evidence indicated th& identify possible vagal saturation during HIIT overloaddan
HRV saturation was likely in four athletes (athletes U, Z,,AAto describe di erent autonomic modulations depending on the
AF), as both supine HR and Ln RMSSD were decreased postaining modes.
overload, but not in a standing positiosupplementary Table 6 In summary, the observed di erences in within-group HR(V)
Supplementary Figure 4. Although it has been suggested thatchanges between study arms could be caused by various factors
parasympathetic reactivation is primarily intensity-depenide On the one hand, di erences in demands and in acute responses
and it may take at least 48 h for vagal HRV to be fully restoredbetween training modalities may be responsible for di erent
after high-intensity aerobic exercise, higher aerobicess may HR(V) patterns. In general, endurance-based (dynamic) egerci
accelerate post-exercise cardiac autonomic recovBign{ey is suggested to mainly induce volume load on the cardiac
et al., 2018 For example, vagal HRV following a HIIT sessioncavities, whereas ST (i.e., static exercise) induces n@aedgure
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load (Aubert et al., 2003; Barbier et al., 2D0Burther, HIT  or short in duration or that the selected (criterion) perfoamce

is characterized by substantially greater amount of aerobitests were too noisy (i.e., they had a suboptimal signaleisen
metabolism compared to SBéarbier et al., 200gand we assume ratio) to reveal clear associations.

higher total energy expenditure in response to HIT. It was In summary, HR(V) measures may indeed re ect training-
also suggested that HIIT exercise reduces arterial stinghie and recovery-induced autonomic modulations, which could
vigorous ST exercise increases arterial sti nésse( al., 2015; a ect athletes' performance. In addition, it has been proposed
Way et al., 2010 HIIT may also induce acute plasma volumethat cardiac vagal modulation may rather indicate an atfdete
expansion Green et al.,, 1984; Buchheit et al., 200%rom  capacity to adapt to (aerobic) exercise stimuli and is theestor
a plausibility point of view, the described training responsegrerequisite for performance-related adaptaticie(itala et al.,
could explain the observed within-group changes and betweer2009. However, an athlete's ANS status is only one factor
group dierences in orthostatic HR(V) regulation to some contributing to the complex nature of fatigue and performance,
degree. However, we are not aware of studies providing direeind it is unlikely that a single marker can accurately display
evidence for such relationships, and overload training tsdi changes in such multidimensional constructdeeusen et al.,
using active orthostatic tests in ST-trained subjects ategedy  2013; Bourdon et al., 2017; Coutts et al., 2018; Kellmanh,et a
missing (seeKingsley and Figueroa, 2016; Bhati et al., 20182018; Schneider et al., 2018

On the other hand, the between-group di erences could also

be ascribed to dierences in subject characteristics betwedJsSing Rolling HR(V) Averages May

study arms, such as higher average aerobic capacity in HlIAttenuate Sensitivity to Individual

parthpants Table 9 and_possmle_ additional trammg-spem ¢ Short-Term Changes in Autonomic

functional (e.g., autonomic regulation) or structural gdations .

(e.g., cardiac hypertrophy or changes in intrinsic HR)dkhuth Modulation . L
et al., 1987; Achten and Jeukendrup, 2003; Billman et aI.,aZOlSThe use of average HR(V) improved _the sensitivity  to
Boyett et al., 2017; Flannery et al., 201 general, training- group changes compared to. the use of smgle-_day values, as
related HRV changes are frequently considered to be arefsult'nd'cated by Fhe reduced width OT con ('jence intervals for
altered autonomic HR regulation. However, in the absence df'® dpre and increaseddyi e ect sizes Figure 3 Tables 4
supportive physiological measurements, it remains specalativr" Supplementary Figure 1 Supplementary Tables 1,2 This

whether and to which degree the observed changes within otHPPOrts previous proposals to use rolling averages Nieur

study were caused by di erent functional changes in respons%t al., 2013; Plews et al., 2).Visual inspection of the individual

to varying exercise demands, or di erences in training higto 1R(Y) response panels-{gure 4, Supplementary Figures 4-5

related adaptation and aerobic tness between study groups. suggests lower percentage changes in average values fai seve
athletes. In addition, the number of athletes showing both

o unchanged HR and Ln RMSSD for average values was increased
Lack of a Clear Association Between (Table 7, Supplementary Table 5 The approach we used to

Changes in Performance and HR(V) After classify the HR(V) response indicated inverse e ects at the

ST and HIIT Overload Microcycles individual level compared to the group level. Although this

Overall, the continuous associations (i.e., correlafjdretween nding relies solely on desc_riptive evaluation, it appears
changes in HR, HRV and performance were mainly uncleafeasonable’ as averaging daily values attenuates dagyto-d

(i.e., the con dence intervals display a substantial overiégh change. Hovyever, thig can cause importantinformation tm! .
positive and negative e ects) or inconsistent in directioorfr especially since cardiac autonomic recovery may occur mithi

Pre to Post1 and Post1 to Post4. Categorical associatiensy(i 24h in trained athletesSgiler et al., 2007; Stanley et al., 3013

3 tables) also showed weak agreement between changes in HR the other hand, however, averaging HR(V) may be necessary
and criterion performance when using the TE as a threshol educe the measurement error for daily HR(V) changes. This

value. Therefore, short-term changes in HR(V) may be a poo?ontroversial issue could be explored by future studies.

surrogate marker for discipline-speci ¢ performance follogin

strenuous ST or HIIT microcycles at the individual level.ese LIMITATIONS AND STRENGTHS OF THE

ndings seem plausible for several reasons. First, previous@TUDY

reported correlation analyses between criterion perfornesared

other possible surrogate measures (i.e., perceived strebs &éeveral factors limit the generalizability of results belyohe
recovery, blood-borne markers, muscle contractile propstti utilized study model. We primarily focused on determining
and non-fatiguing performance tests) also revealed undiemr the changes in HR(V) that occur following ST and HIIT
not statistically signi cant) associationg/{ewelhove et al., 2015; overload in trained subjects. It remains unclear whether HR(V
Heckstedenetal., 2016; Raeder etal., 2016; Hitzschke2éiB),  also provides valuable information in more moderate, normal
and these measures show a more direct theoretical reldtipts  training environments or in highly trained athletes, asihiag
discipline-speci ¢ performance compared to HR(V). Secondlyand recovery responses may be diminished and accelerated,
Plews et al. (2014bserved only moderate correlations betweenrespectively, in these circumstances. In addition, adaptive
changes in Ln RMSSD and running performance in trainedesponses to intensi ed training may be characterized byhgea
triathletes following a three-week overload period. Thug win the magnitude of day-to-day uctuation in Ln RMSS[latt
conclude that either the overload training stimulus was tow  and Howells, 2019 but this was not assessed in the current
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study. Further, as previously discussed in detaie¢ksteden can provide unique and more comprehensive insights into
et al., 2015 the comparability of HR(V) responses to ST athletes' autonomic HR regulation compared to either supine o
vs. HIIT is constrained by the generic challenge of matchingtanding recordings in isolation. Although divergent aéonic
workload and fatigue levels between the di erent modes opatterns might be observed following various training dewisn
exercise. Moreover, recruitment of performance-matchedradn it should be acknowledged that HR(V) measures may not
groups for the (in total) three dierent study arms was not mimicindividual short-term performance changes. Furthema,
feasible due to limited time and resources. To verify ourimgs, based on our results, we encourage practitioners to (also)
randomized (crossover) trials with a priori optimized sampleanalyze single-day HR(V) measures when assessing short-term
size are desired. Another limitation is that, despite aniahit training responses. Finally, day-to-day variability andining
survey of medication and nutritional supplementation, it wasresponse varies substantially between athletes, which efurth
neither possible for us to control the intake of HR(V) in uemgj  complicates HR(V)-guided training prescription. In summary,
medication throughout the study period, nor the consumptionwe believe that it is still advisable rst to gain experience
of ca einated beverages immediately prior to orthostati¢ites  at an individual level through pure observation in order to
Finally, as HR(V) is an indirect measure of cardiac autonomi@void inappropriate training adjustments due to overly simptisti
modulation, interpretations regarding underlying physigical training-response models.
mechanisms should be treated with caution.

We tried to overcome several limitations by assessing the
fatigue responses using criterion performance tests angini ETHICS STATEMENT
repeated testing [i.e., daily HR(V) recordings] with a single-
subject A-B-A withdrawal desigrik{nugasa et al., 2004; Barker The investigation was approved by the ethics committee of
et al., 201)L The latter enabled us to describe HR(V) changeéhe medical faculty of the Ruhr University Bochum and was
more precisely by considering individual day-to-day vadat conducted according to the guidelines of the Declaration of
which is not possible in a simple pre-post design. Furthermorgelsinki. All subjects participated in the study voluntarityere
week-to-week reliability was determined beforehand in ouff€€ to withdraw without penalty at any time, and provided
laboratory {Viewelhove et al., 2015; Raeder et al., 015 Written informed consent.
indicates random variation in criterion performance and may
partially be a substitute for the presence of control groups
(Hopkins, 2015a; Hecksteden et al., 20TB our knowledge, AUTHOR CONTRIBUTIONS
comparative assessment of daily resting HR(V) for ST and Hll
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HR(V) responses.
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These autonomic patterns may not be discovered by supine gi® Present study was initiated and funded by the German

standing measures alone. However, HR(V) changes were nggderal Institute of Sport Science. The research was
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