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ABSTRACT

This systematic review provides a synthesis of research investigat-
ing submaximal protocols to monitor changes in cardiocircula-
tory fitness in running-based sports. Following PRISMA guidelines,
2,452 records were identified and 14 studies, representing 515
athletes, satisfied the eligibility criteria. While most studies found
large associations between changes in heart rate at standardized,
submaximal running speeds and changes in aerobic fitness
(r=0.51-0.88), three studies failed to establish a relationship
(r=0.19-0.35). The intensity of the submaximal protocols seems
to be relevant, with changes in running speeds at 90 % of maximal
heart rate showing larger relationships with changes in aerobic
fitness (r=0.52-0.79) compared to 70 % of maximal heart rate
(r=0.24-0.52). Conversely, changes in post-exercise heart rate
variability were very largely associated with changes in aerobic
fitness when the testing protocols were less intense (70 % of max-
imal heart rate) (r=0.76-0.88), but not when the test required
participants to achieve 90 % of their maximal heart rate (r=-0.02-
0.06). Studies on post-exercise heart rate recovery revealed in-
conclusive results (r=-0.01- -0.55), while rate of heart rate in-
crease may be a promising athlete monitoring metric
(r=0.08--0.84) but requires further research. In summary, when
executed, analyzed, and interpreted appropriately, submaximal
protocols can provide valuable information regarding changes in
athlete cardiocirculatory fitness.

Introduction

Cardiocirculatory fitness is a critical component of performance in
many sports. To produce optimal adaptations, it is paramount to
establish an appropriate balance between a training load that is
potent enough to sufficiently stimulate the athlete’s physiological
systems and a subsequent recovery period which is adequately ex-
tensive to prevent the athlete from experiencing a state of non-
functional overreaching or overtraining [1]. Information on an ath-
lete’s physical response to a given training stimulus can be used to
optimize performance levels by adjusting training frequency, vol-
ume, and intensity [2]. To that end, practitioners commonly use

maximal or near-maximal physical fitness tests aimed at gaining
further insight into an athlete’s physiological determinants or
sport-specific endurance capabilities [3]. However, due to the re-
quired time, resources, and their exhaustive nature, these types of
tests are considered inadequate by many practitioners for frequent
implementation within an applied setting as their execution might
interfere with the prescribed training program or preparation for
any upcoming competition [4]. Consequently, they are often em-
ployed only sparingly throughout a year at specific time points and
therefore unable to detect more short-term fluctuations in an ath-
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lete’s performance levels. This mightin turn result in inappropriate
training prescriptions and suboptimal performance levels [3].

The need for simpler and less invasive ways to assess aerobic fit-
ness has already been a topic of discussion within the scientific liter-
ature since the 1950s, when Per-Olof Astrand and Irma Ryhming first
introduced a submaximal cycle test that aimed to predict VO,max
[5]. The Astrand test quickly gained popularity and gave way to the
development of step-, walking-, and running-based submaximal
evaluations [6]. Since then, the professionalization of elite sports and
the increased density of scheduled competitive events have only in-
creased the demand for procedures that can reliably and quickly track
changesin an athlete’s physical condition. This has been highlighted
recently in a survey on training load and player monitoring practices
and perceptions in high-level soccer teams [4]. Twenty-five out of 41
respondents indicated using submaximal performance tests on a
regular basis, with submaximal shuttle runs appearing to be espe-
cially popular. However, the study authors caution that interpreta-
tion of such tests is often not based on any established criteria, and
as such, presents a challenge for practitioners seeking information
on their athletes’ training status. Ideally, protocols to be employed
should be as minimally invasive as possible to make sure they can be
used frequently without interfering with training and competition
preparation, while being objective, reliable and sensitive to mean-
ingful changes in performance [7].

The Lamberts and Lambert Submaximal Cycle Test (LSCT) is one
example of a submaximal test that has been found to accurately
reflect cycling performance [8]. Several studies have provided evi-
dence that the LSCT is not only reliable and able to predict peak
and endurance cycling performance [9, 10], but also sensitive to
acute changes in training load [11] and able to reflect a state of
nonfunctional overreaching in elite male and female cyclists
[12,13]. Givenits relatively short duration (17 minutes), non-inva-
sive nature and progressive increase in workload, the test can serve
as a standardized warm-up and consequently can be used on a fre-
quent basis. This allows for continuous monitoring of an athlete’s
fitness and fatigue responses to the current training program and
aids in the prescription of upcoming training loads.

Since alterations in an athlete’s training status are specific to the
exercise mode [14], it is doubtful whether a cycling test such as the
LSCT is a viable option for the monitoring of athletes involved in run-
ning-based sports. Therefore, it was the aim of this review to present
a systematic overview of existing running-based protocols that seek
to track changes in an athlete’s cardiocirculatory fitness levels in a
minimally invasive, easy-to-implement way. The resulting summary
of available methods can help practitioners who are faced with a de-
cision regarding which protocol might be most adequate in their
specific context, while also highlighting key considerations for ade-
quate interpretation of findings and explanations regarding com-
mon shortcomings associated with the different testing protocols.

Materials and Methods

Design and Search Strategy

A systematic review of existing literature was carried out following
guidelines established in the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) statement [15]. A search

of electronic databases (PubMed, Scopus, Web of Science) was un-
dertaken by two of the authors to identify suitable original research
articles published from the earliest available records up to Dec. 16,
2020. The following combination of keywords was used for the
Boolean search: (“fitness monitoring”) OR (“submaximal” OR “sub-
maximal” OR “sub maximal”) AND (“team sport” OR “soccer” OR
“football” OR “running” OR “rugby” OR “AFL”). Furthermore, bibli-
ographies of eligible articles were checked for additional relevant re-
cords. All articles were imported into a reference manager software
(Mendeley 1.19.5, Elsevier, Amsterdam, Netherlands) and duplicates
were removed before the titles and abstracts of all remaining records
were independently screened for relevance by the two previously
mentioned authors, with unsettled differences resolved in consulta-
tion with the third author. The search strategy is outlined in > Fig. 1.

Study Selection

Study selection criteria were chosen so that the remaining testing

protocols could be conceivably integrated into the daily practice of

individual or team-sport athletes. Studies were eligible for inclu-

sionin the present review, if the following criteria were satisfied:

= the study sample was comprised of healthy participants with
at least 16 years of age. This minimum age requirement was
established to minimize the potential influence that matura-
tion might have on any potential target parameter [16],

= the mode of exercise for the evaluation was running,

= participants were required to be trained to a performance level
of 2 or greater according to the guidelines to classify subject
groups in sport science research compiled by de Pauw et al. [17]
and Decroix et al. [18] (e. g. relative maximal oxygen consump-
tion=45mL-min-"-kg-! for males and=37 mL'min-"kg! for
females),

= the evaluation was submaximal,

= results of the evaluation were compared against results from
either a maximal effort endurance test or a submaximal effort
endurance test with measurement of physiological parame-
ters, such as blood lactate or expired gases (these tests were
considered gold standard tests for the present review). The
definition of what constitutes a gold standard test was
deliberately chosen rather broadly for the purpose of the
present review. While the authors acknowledge that a
narrower definition might have helped facilitate (meta-analyt-
ical) comparison between the different protocols, we deemed
it more beneficial to provide the reader with a more compre-
hensive overview of available studies on the topic. This
approach allows for a critical appreciation of the main
principles that the different protocols are based on,

= the association between changes in the gold standard tests
and changes in the minimally invasive tests was established at
two or more time points,

» the evaluation itself is based on a single test and does not
require repeated data collection and trend analysis, and

= studies were published in peer-reviewed scientific journals in
English language and abstracts were available for screening.

Studies were excluded from this study if any one of the following

criteria was met:

= participants were exposed to altitude/hypoxic environments
or heat during the study period,
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> Fig. 1 Preferred reporting items for systematic reviews and meta-analysis (PRISMA) study flow diagram [15].

= the submaximal evaluation was based on procedures that
were deemed too invasive or time-consuming for daily use
(venous or capillary blood sampling, gas exchange measure-
ments, etc.), or

= the evaluation was used as a measure of fatigue rather than to
assess aerobic fitness.

Data Extraction

Full texts of the studies included were analyzed independently by two
of the authors. Population details (e. g. gender, age, training back-
ground), study details (e. g. duration, intervention, testing protocols)
and a summary of key results (e.g. relationship between evaluation
protocol and gold standard tests) were compiled before studies were
grouped to one of two categories according to their study designs:
(1) observation of changes in heart rate (HR) response to a standard-
ized, submaximal external output (continuous or intermittent); and
(2) observation of changes in running velocity and cardiac para-
sympathetic function during and after a standardized, submax-
imal cardiocirculatory load.

Study Quality Assessment

The methodological quality of studies included was assessed using
a protocol originally proposed by Law et al. [19]. Two raters evaluat-
ed each study and independently assigned a score of 0 (study does
not meet criterion), 1 (study meets criterion) or NA (item not appli-
cable in the context of the study) to each single criterion (Table 1S).

Finally, a percentage score was calculated based on the sum of scores
achieved in relation to the number of scored items. Study quality was
classified as low (<50 %), good (51-75 %) or excellent (>75 %) in line
with previous analyses [20, 21]. Furthermore, Cohen’s kappa coeffi-
cient (k) was calculated to quantify the level of inter-rater agreement
[22]. Due to the inhomogeneity of study approaches no meta-ana-
lytic steps were undertaken.

There was substantial agreement between raters for the quality
of studies (k=0.63; 95 % confidence interval: 0.52-0.75). Study
quality assessment scores according to Law et al. [19] are present-
ed in Table 1S, ranging from 60 % to 86.7 %, with a mean score of
79.8 % +9.3 %, demonstrating overall excellent study quality. ltems
5 (sample size justification), 7 (reliability of the outcome measures)
and 16 (acknowledgment of study limitations) were the items that
most studies failed to address adequately (Table 1S).

Results

Following the removal of duplicates, the literature search yielded
a total of 2,452 records. The study selection inclusion and exclu-
sion criteria identified 14 studies that met the specified require-
ments, with 12 study protocols based on a standardized, submax-
imal external load [23-34] and two study protocols based on a
standardized, submaximal internal load [35, 36] (> Table 1).

The 14 studies represented a total sample of 515 athletes with
amean sample size of 37 +45 participants. The majority of studies

Schimpchen | et al. Minimally Invasive Ways to... Int | Sports Med 2023; 44: 95-107 | © 2022. The Author(s) 97



& Thieme

A]PAI3dadsau 1P A pue xayH

u1 sabueyd Bujuiwexs usym sssuy ul sabueyd
|enpIAIpul [eIIUR)SQNS Buissasse 10) paje|nojed
313M %0°9 PUE G't7 JO SPloYsaly3 (Z) : (29°0-
S°0-) 1D%S6) ¥5 0-=1 :9|dwes a1ud) 7/°0-

01 GE'0—=1 uaamiaq buibues syuspiya03 uon
-e[2.102 papinoid sashjeue dnoib-qns juasayip (1)

sabueyd |enpiaipul |erzueIsqns
Bunoajap snoidwir Aew yoiym
sapnyiubew pjoysaiyy jo sbuels

e aujwexa (g) {(1°A) pjoysalyy
LTjowiw 7 3Y3 y3im pajeidosse
A3d0[9A ay3 ul sabueyd yum
(xayH) abeis |_y-unjz| ay3 193je
¥H ul sabueyd ay3 atedwod (L)

SUOSEIS JAIINIISUOD
0M] 10 auo Buunp suoise’no
0M] JSB3]| 3B UO PI)sa) lam siahed ||e

SJUBWIAINSEIW 3)B1DR| POO|q LM
1591 ||ILWLPE3L] |BIUSLWIAIOU| PAPEID

s19ke|d 193005
3|ew |euols
-s9j0ud /6

gz’[B 319
uuewy|y

((16°0-:59°0-)I1D “28'0 -=4)
oWy Ay puB X9YHY U9aMm3aq uolie[a.10d abie]

(17 A) ploysaayy

11O 941 Y)IM paleldosse
Ko ay ui sabueyd

yam (xayH) abeis |_y-unjz| a3yl
19348 YH ul sabueyd ay3 asedwod

SUOSEdS G| 1IN0 SUOISeID0
€ 10 Z U0 Pa1sa) a1am siake|d

SJUBLIAINSEAL 3)BIOB| POO|q UM
1591 ||IWPe3L] |[BIUBWAIDUI PAPEID

s19fe|d 193005
9|ew |euols
-saj0ud 6|

'’
wdYYdNg

pouad 1ay3o Aue 1an0 (50 0<d

J|e) J939weled Jay3jo Aue pue | | | G u9amiaq
diysuonejad yuedyiubis ou 3nq ‘porsad uiw-¢
1910 (£0°0=d) |-y-w €L-8IYH! pue | | |G U9am3aq
pue poriad uiw - | 1340 (900°0=d) y/w|g L-8IYH!
pue | ] 16 uaamiaq diysuone|al anizebau
Juesyiubis :(j|e 10y $0°0=d) uiw ¢ pue ¢ ‘z

19A0 PISSOSSe SBM |.U-UD| 8[YH! USyM | -Y-LLX 8IIHH
pue | ] |G usaamiaq sdiysuone|al anizebau
juedyiubis yum ‘@duewioylad | | | G payoen
Aj3Ua35I1SU0D 150W | _-Wi] 8|YH JO JUBWISSISSE

9duewW.I0}13d 3SID19Xd IdUBINPUD
uy sabueyd pasnpui-buuieny
Buryoely 1oy [YHA Jo ANAINISUIS
9y panoiduw uiw G ueyy
13340ys spolad awiy 190 [YH!
4O SISAjeUB J13YIaYM SUIWIDIDP

(1) s12dey Aep-g| e buimoyjoy (€)

{(LH) powad buiuresy Aneay eam-g

e 1934e (7) {(117) pouad bujuien

1yb1| Aep-/ e jo uonajdwod ayy ie (1)

(LY-UEL-QIYH) |-y-w €L e UG
|BUOIIPPE U 10§ 9SBAIDU| eI
ue Aq pamo|o} -U-uy g e buiuuni
A31D0[9A JUBISUOD JO UIW G J31je
9sealdul el Jueay Jo lel (€) (xewnyH
40 %G8 IDI[3 03 paLUe - | .-UE LIYHI)
1-YUp €1 pue (xewyH jo

%G D12 03 PAWIIE - | .Y-UD| GO LIYH)
YU GU0L 38 “(xewryH

40 %59 312 01 PawWie - |- WIGIYHI)
1-4-uny g 3e 53593 buiuuny ujw-g buunp
(1yH4) 3seauoul 91kl 11eay Jo el (7)
“(L11G) [e13 dwi ||iupean wij-g (1)

S3319|y3eL)
[s1suuni
9lew G|

9z’|B 3
uosjaN

(6£°0=d‘8L°0 F80°003 ZH'0 *

2°0-=1) P9J|9110D 10U 10 SUOIIR|I1I0D MO| JaYID
Pa13apisuod a1am sasAjeue dnoibqns pue pajood
9U3 Ul [YH JO SIPOLL J3YI0 |[B PUB | | | G U3IMI3q
sdiysuol3e[as |ENPIAIPUI-UIYHM (S[9A3| 9DUBINPUD
[B1HUL 13MO] Y3m $323(qns 104 (6+70°0=d

fLY°0 F 26°0-=1) 4w €L-8IYHI pue (100 0>d
2T°0 F ¥8°0-=1) YU IYHI Pue | | 1G Usamiaq
SUO[1B|3.110D 3sIaAul ybiy 03 ajesapowl pajeanal
(pauiquod | pue | H ‘I7) sisAjeue dnoib-qns

Qouewloplad
u1 sabueyp jo buppesy aAnRIsuasS
Jsow ay3 sywad jeyy Aysuajul

9y3 A}13uapl 03 Sa1ISUIIUL
9S1219X3 JUAIBYIP 1€ [YH Bul
-UILLLIDIAP JO 12943 33 33eN|eAd

(1) 1adey Aep-q | e buimo|oy (€)

{(LH) powad buiutesy Aneay deam-¢

e 1934e (7) {(11) pouad bujuieny

1yb1| Aep-/ e jo uonajdwod ayy ie ()

(-UWDEL-8IYHY) YWy €L e UG
|BUOIIPPE UE 10} 3SBAIDUI 33RIpaLLILLI
ue Aq pamoj|o} ,-y-uy g 3e bujuuni
A31D0[3A JURISUOD JO UIWIG 19348
9sealdul el Jueay Jo 31l (€) (xewyH
40 %G8 D1[2 03 pawlie - |.Y-WE L [YH)
14U €L pue (xewyH jo

9% G4 3D1[3 03 paLLie - | YW G0 LIYHA)
YU G0 38 “(xewryH

40 %G9 31D 0} PaWIe - | U-LGIYH.)
1-4-uny g 3e s3593 buiuuny ujwi-g buunp
(1yH4) 9seauoul 91ed 11eay Jo el (7)
(LLLS) B3 w3 [iuipeas3 wy-6 (1)

S19|y3eL}
10 s1auuny
Jew G|

e’
13bu3|eg

(50°0<d) uoseas

9y3 3noybnouy3 swiy Aue 1e YH [ewixewqns

Ul $9dUIAYIP JuedIUbIS OU UM 31dY]

?IIym “(50°0>d) 1SOd 03 3¥d wouy Apuedyiubis
panoidull (3593 uonsneyxs-o03-awy ‘Awiouods
Bujuuny 292 A) saunseaw Alozeloqey (e

slo3ed1pul
9duewwloylad |ewixewqns pue
|ewixew uy sabueyd a3ebiysanul

suo3adwod ay3 03 Joud skep z

0} | pue uoseasald bunnp pawioyiad
aJam sjetl pRY (z) *(1S0d)
uoniedwod |euly ay3 buimol|oy

>23am 3y3 pue ‘(QIN) uoseas a3 Jo /£
399M ‘(3¥d) uoseas ay3 03 Jold yaam
| P332NpuU0d 21am s|ely Aiojesoqe| (L)

yeadzOA uosessald Jo %4 ¥ L' €8

03 [enba asam pIyMm (z =u)

LYW Z°9L 40 (G=U) |yunjg/L

1B SUNJ DRI W-QQ9| [BWIXeLWGNS

03 sasuodsal YH (z) ‘saseb paidxa

1O SISAjeue y3Im uolIsneyxa 03 153}
|lwpeady anissa1boud pazipaepuess (1)

slauuny
dueysip
EET[[e)
djew paulesy
Alybry £

z2ll3s0D
B
1aquie]

(3usnwayuy
‘sSnonuijuod)
1ndino |eulalxe
|ewixewqns
‘pazipiepueis

e 01 sasuodsal
¥H u1 sabueyd
JO UOIIBAIRSqO

S}|nsal juens|ay

swije Apn)s Juenspey

sjuawainseaw jo syuiod awij

salnseaul juens|ay

uonje|ndod

sloyjny

a|dpuiid 1s9)

‘Pepnjpul saipnis Jo \A\_mrcrcjm L 9|qel «

44:95-107 | © 2022. The Author(s)

Int | Sports Med 2023

Schimpchen | et al. Minimally Invasive Ways to...



((€s°06L°07) 6L°0=1)

Y1 OA-OAV PUE ] OA-OA UILL -9 YHV U32MIDq
pue ((91°0 :95°0-) ID%06 ‘LT 0-=1) L ¥l OA-OAV

PUB | ¥] OA-OA UIW-g YHV USIMIIQ :||BWS Sem
9LLI] JSAO SUOISIIA OA-OA |BLUIXEL pUB [BLWIIXBWQNS
wcu ul sa100s mmcmr_u cmwguwﬂ co_um_mtOu

33 (2) ‘%9=DAIN ‘%6°0=DMS :((88°0:9°0)
8£°0=1201((6':£"L) 1D%06) %T'T=AD (1)

L¥] OA-OA |ewixewqns jo
mmwcmzm:On_mw\_ _mC\_wuxw auiwexa
(2) :1¥1 0A-0A [BWIXRWIGNS JO
JdIN PUB DS “A3ljiqeljal aneal
pue 33njosqe auiwexa (L)

uoseas-ul buunp

Bu1sal YIMm s99M 3A1IINIISUOD
Z buunp passasse sem A3ljiqeljas
(2) ‘uosessaid bunnp buiysay
U3IM SY39M dAIINI3SU0D ¢ bulinp
passasse sem ssauanisuodsal ()

(Ul g) | Y| OA-OA [BLLIXRWIQNS
(€) ‘71 OA-0A (Z) 18I OA-OA (1)

s1ake|d 193005
ynoA sjew 47

e8I
lulyduey

(61°0-=1) 231 OA-OAV

pue (£0°0-=1) L¥I OA-OAV pue ¥YHV (9) ‘(€0

-=1) Y1 OA-OAV pue (G£'0-=1) L3 OA-OAV pue
X3YHV (S) (£'0-=1) 21 OA-OAV pue (95°0-=1) L3I
OA-OAV PUE 23| OA-OA UIW-Z YHV (¥) “(95°0-=) Tl
OA-OAV pue (1G°0-=1) L ¥ OA-OAV PUE L ¥| OA -OA
ulw-i YHV (€) uaamiaq (o 0<d ||e) suonea110d
uedyiubis ou {(88°0=1) Z¥l OA-OAV pue (9£°0=1)
LYl OA-OAV PUE AYHV (2) (89°0-=1) ¥l OA -OAV
pue (89°0-=1) LI OA-OAV pUE || OA-OA Ul -7
YHV (1) usamiaq (g0 0>d) suoneja.1103 Juedyiubis

Bujuiey jesyny yum suoneidepe
pasnpul-bujuiesy Juswnoop 03
$1591 ,G-,G PUB Y| OA-OA 1934 pue
‘buninp ‘a10j9q sasuodsal AYH
pue yH jo |eraualod ay3 sujwexa
pue s19he(d |esyny uj suoneydepe
Qduewloylad AJ3uapl 03 $3593
/G=,G PUB Y| OA-OA |BWIXEWIQNS
9y3 Jo AJIAnISUSS a3 azAjeue

(9 @am) uorzadwod
pue bujulely Jo s)9am g 1334e pue (|
>9am) uoseasald Jo 11e3s 9yl a10jaq

(uw)
231 OA-OA [BWIXRWIQNS PUB (Ul {7
pUB UIW Z) Y| OA-OA [BLUIXBWQNS

(7):(A¥H pue ¥yH as1d19xd

-3s0d) A19A0331 pajeas jo ujw g

Aq pamo||0} (xayH) a.enbs w-0z x 0z
e buoje |.y-upj 6 38 Bujuuni

40 ulw G Jo bunsisuod 3593 A19A0d31
ulw-g/buiuuny ujw-g [ewixewqns
(€) ‘241 0A-0A (Z) L ¥I OA-OA (L)

s1ake|d |esiny
dlew [euols
-sajoud 0|

[4A R
sej1a.4

op

(Ajpn13oadsal ‘0 0>d (1L °0-'€€°07) §5°0-=
pue f10°0>d ((8£°0'Ft°0) 1D%06) ¥9°0=1) LAl
OA-OAV UM Poa3e[all0d alaM YYHV PUB XYHV

Qduewloylad

L ¥l OA-OA Ul sabueyd yum
s1aaweled 3s9) [ewixewqns
JO UOIIBIDOSSE dY3 SSISSEe

uolssas buiysay/buuiesy A1ans

0 11B3S 3Y3 38 pawioylad sem 3593
.6/.S |ewixewqns (z) ‘dwed bujuieny
40 (£ Aep) pua pue (| Aep) buiuuibaq
9y3 3 pawiioylad sem | y] OA-OA (1)

(4¥H) A19n0331 pajeas jo uiw g

Aq pamojjo} (xo¥H) |-yw €1 18
S3J33NYS W-04 4O ulw G jo bunsisuod
1593 A1aA0dal ulw-g/buuuny

UILL-G [BWIXBLIQNS (Z) {1 Y] OA-OA (1)

s1ake|d
118q100j J1j9eD
dlew 3P ¢

g’le 3o
Juojey

((68°0 :£9°0) 8L70=1) TYI OA-OAV Y3M P33e[31103
Ajab1e) A1an sem AYHV (2670 “+8°0) 88°0=1) Tl
OA-OAV YUM paiea.10d Ajobue| A1an sem XoyHV

sasuodsal bujuiesy buriojiuow
1o} 3593 buluuni jewixewqns
B JO SS2U|NJISN dY3 dUILEXD

v pue s ‘| shep

40 sbujulow ayj uo pawiioyad sem
241 OA-OA (2) ‘uolissas bupsay/buluiey
AJ9A3 JO 11B]S 33 I8 PISSIsSe

919M AYH 951219x3-350d pue xayH (1)

31 OA-OA [eWIXeW (7) {(AYH)
AJaA0D31 pa3eas Jo Ul G Aq pamoj|o)
(X3¥H) 1-Y-w €1 3B S3IINYS W-0t JO
ulw G jo bunsisuod 3533 A1aA0331 ulw

-G/Butuuns ujw-g [ewixewqns (1)

s1ake|d
l|eq3004 sa|ny
ueljensny
9lew |euols
-sojoud g|

oe’|® 3
udYYNg

(91°0 - :S3) A¥H pue (81°0 :53) ¥¥H

Ul SUOIIRIYE [BIALIY PADURLIAAX3 s1apuodsal-uou
{(65°0 :S3) AYH Ul 3seadUl 93eIspow e pue

(20" L- :53) ¥¥H u1 uononpas abuie| e padusLadxa
(s1apuodsal) %5°0 < Aq awiy aduewopad

wy| 0L J13y3 panoaduwil oym syueddiyled

{(99°0- 157 {L-ulwrsieaq g€ | 350d “SA | -ulw-sieaq
9¥| :31d) XayH Ul 95EIIDIP I3BIIPOL JUSLINDUOD

e pue (98°0:S3 {-u-upf €71 :350d sA .yun) g°GL
:a1d) Sy|A ul Juswanoldwi abie| e mes sjuedpiyied

9ouewoylad buiuuns wy | pue
SVIN PUB $321pul AYH PUB ¥¥H
9s1219x3-150d ‘xayH Apybiulioy
uaam1aq sdiysuoiieal ssasse

6 PUB ‘/ ‘G ‘€ ‘| $39am Ul pawlioylad
sem 3593 A1aA031 ulw-/Bburuuni
UlW-G [BWIXBLWIGNS 33 ‘UOIUIAIRIUI
Buiuiesy yoam-g ue (g yaam) 1aye
pue (Q 329M) 210J3q PISSISSE JIIM
Qouewniopsad buiuuns wy Q| pue Sy

(A¥H
pue ¥yyH as1d1axa-1s0d) A1anodal

buipue3s jo uiw g Aq pamoj|oy
(X9¥H) SVIN 40 %09 38 Buluuni

40 ulw G Jo bunsisuod 3593 A1an0d3l
ujw-g/buuunt ulw-g [ewixewqns
(¢€) soduewioylad buuuns wy Q|
(2) <3591 paads d1qotse jewixew (1)

slauunl
3lew paulen
AP1RI9pOUW 7|

621839
udYYNg

sjjnsal juensjay

swie Apn3s juensjay

sjuswainseauw jo wu_.__OQ swij

salnseall jueAa|ay

uonejndod

sioyny

a|dpulid 3591

panupuod L 3JqeL «

99

Int ] Sports Med 2023; 44: 95-107 | © 2022. The Author(s)

Schimpchen | et al. Minimally Invasive Ways to....



& Thieme

pa31e1D0osse A3D0jaA buiuuna — IPUHr A f31e1 31B3Y 3SIDIDXD — XaYH (9SBAIDUI dBJ 1IBSY JO L — [YHJ {|eli} dw

‘pjoysa.y3 uonesuadwod Atojelidsal e paads — 1% paads Bujuuny [iwpeasy yead - 1% ‘uopdwnsuod uabAxo |ewixew -
UWZO A (ploysaIy3 93B3OB| PUOIAS 3Y3 J A3D0JaA Buiuuni — 24 ploysaiyy 33308 3si1y 3y3 38 A3dojaA Bujuuni - H1A tpaads Bujuun jjiwpeady yead - 1°sy a3el Jieay [ewixew Jo % 06 38 paads Bujuunt - €5y

'9JeJ 31B3Y [BUWIXEW JO % 08 I paads bujuunl — sy fajel 11eay [ewixew Jo % 0/ 38 paads bujuuni - Ly abueyd 3|qe1da3ap wnwiuiw - Y 2bueyd 3)IyMUIIOM IS3|[BLUS — S JUSIDIYI0D UOIIR[S1I0D SSBDRIIUI —
DD/ {[BAISIUI SDUSPLUOD — [) UOIIBLIBA JO JUIIDIYI0D — A 9ZIS 1933 — ST :AJIjIqerien a1el 11eay — AYH A19A0D31 9.1 11eaY — YyH ‘pa3ds J1qOIe [BWIXEW — S |.7-OWW {7 JO UOIIRIIUSDUOD 31R1JB| POO|] B UM

JILLIPERIY WX-G — | | | G ‘93kJ J1eay |ewixew — xpwyH ‘uoindwnsuod uabAxo yead - %&NO\, ‘9jes eay — yH

(200°0=d :abue| ‘75’0 =1) ESyV pue

Aoy pue (£z0°0=d 21e19pOW 00 =1) TSYV
pue d5yy (,00°0 =d :91e19pOW ‘61°0 = 1) ESYV
pue **“OAV (G00°0=d :ab1e| ‘05°0 =) ¢SYV
pue oAV (200'0=d 3b.1e| ‘250 =1) 'SYV
pue *®“ZoAy usamiaq sdiysuoniejas Juedyiubis
‘(Ilews ‘yz'0=1) 'YV pue 1@syy pue (e
‘60°0-=1) ¥YHV PUB ISyy “(jeinLl ‘z0°0- = 1)

9duewWw
-10419d 3dueInpua ul sabueyd
Jojuouw 03 suopIpuod A10jeloqe|
Ul pa3dNpuod AYH pue y3H

8L PUB €] ‘6 ‘¥ ‘0 $)|99m e pawiioylad
L¥S pue (81 pue 6 ‘0 sy9am)

spouad bujuiely yjoq 1a14e pue 31043q
pawiIogiad SUoIeN|eAd ||iwpeal)
|ewixew yum ‘porad buiuiesy

AYH pue ¥yH asuaxa-3s0d (£Sy)

€ abeys 3e “(zsy) 7 abess 3e (LSy)

| 9be3s je paads bujuuni :s1a3weled
19613 {pus ay3 1e aseyd A1anodal
anIssed UlW-| B pue XewyH 19y}

40 (€ abe3s) %06 pue (z abes) %08 ‘(1
abe1s) %0/ Je uiw € pue g ‘g Jo sabejs
€ 40 Bunsisuod (1157 uo paseq)
wipea} e uo (1yS) 3593 buiuuni

peo| A10}
-B|N2J1D0IpIed
|eWIXeWqns
‘pazipiepuels
e 19148

pue buunp
uoiPUNY dRYY
-edwAsesed
JeipJed

pue A3p0jaA
Bujuuni

u| sabueyd

JO U0IBAIRSqO

AYHVY pue =953y (oAl 100 =) YYHV 951219x9-150d y3Im pauiquiod SAISUIUI }39M-8 U AQ Pamo||0} |ewixewqns () :saseb pasdxa uswiom pue 219
pue **WZOAY ‘(|e1ALl ‘90°0 =1) AYHV pue **“oAY 1591 bujuuns jewixewqns pouad bujuiely adueinpua Ajsuajul pue 238308 POO|q JO SIsAjeue yum usuwi paulel} uaul
uaaM33q (50°0 <d) diysuoneas uedyiubis ou Jo Ayjiqeded ay3 azebiysanul MO| 393M-8 Ue Jo pa3sisuod buuiely | 3s93 buluuni jiwpeasy jeauswaidul (L) | ddUeINpUd GE 19359
YYH 9spiaxa-3sod
pue (£5y) ¢ abess 1e ‘(?sy)
(Loo'o>d Z 9be3s 1e ‘(Lsy) | abeis je paads
{29°0=1) **“ToAV pue (L00'0>d ‘6L°0=1) Bujuuni :si1e3awesed 396163 (pus
redony {(100°0>d ‘270 =4) AV yum pajefpLiod siseq Apj@am | ay3 je aseyd A1anodal aaissed uw- |
Kjobue| A1an pue (L0°0>d ‘zg 0=1) 'LAV yum B UO | YS W.0419d 0] payjse asam e pue xewyH J19y3 jo (g abeis)
paieja.110d Ajpbue| sem Esyy (Lo'0>d (£6°0=1) $123[qNs 9|Iym (8L pue 6 ‘0 SyIam) %06 pue (z abeis) %08 ‘(1 abe3s)
122dgyy pue (10°0>d 109°0=4) “ZOAV Yim spouad Bujuien y30q 1ajje pue 210j3q | % 0L 18 Ul € pue g ‘g Jo sabeis € jo
paijeja.1100 AjRbue| pue (50°0>d ey 0 =1) LAV pawuopiad suonen(eas [jiwpealy | buiisisuod (1JS7 uo paseq) pjal ays
pue (50°0>d :8%°0=1) LAV yum pajejs.iod Ajoie Bujuieny buinp ssuewioyiad |ewixew yum ‘pouad Bujuieny | ur (1¥S) 3593 bujuuna jewixewqns (z)
-19powl sem TSYV (£€°0-L0°0-=4) sia3oweled | adueinpua ul sabueyd Jojuow 03 DAISUIIUI }99M-8 UB AQ PIMO] |0} {SU013R13UdUOD saseb palidxa pue uswiom pue S RC]
1593 ||lWpeal3 ay3 jo Aue ui sabueyd yum 1591 buruunu [ewixewqns [aAou pouad bujuiesy adueinpua Ayisusjul 91e30B| POO|q 4O SISA|EUB UM 3533 uaw paulesy uaui
pa3e|a1100 Ajjuedyiubis Jou a1am LSYV pue YYHV e Jo A)jiqeded ay3 a3ebiisanul MO| 329M-8 UE Jo pajsisuod bujuiesy Buluuny jjiwpeasy [eyuswaldul (1) | dduBINpUD GE 19359
(s0°0<d) uoseas 3y Jo aweb |euly a3 193je
paie[a.1100 Ajpuedyiubis Jou a1am uoseas Jo pua UOSBS AIIJUD | S99M | UIYIM pUB 3ealq uoseas-piwl s1ake|d
0] UOSE3S-PIW PUB UOSEIS-PILL 03 11BIS ‘UOSES ue 3noybnolyy sduewoylad | 03 Joud }Pam | ‘yd3ewl [BIdLYO ISIl 0} 132205 |euoIS cdnn
0 11e35 03 Uoseas-aid wouy aduewopad |y| OA-OA [eWIXewqgns pue | Jolid 39am | ‘uoseas-aid Jo 3aam sy (urwg) 1yl -s9j0.d-1was -snuy|
OA-OA UILW-9 YH% PUB Z¥| OA-OA Ul sabueyd e3ap | |ewixew ul Ajjiqetiea ajebiysanul 1SUOISEDD0 {7 U0 pauloylad builsal | OA-OA |ewixewqns (7) ¢z¥| OA-OA (1) dew g/ L 3 1Yo
(z90 (z1 =u) buiuiely uoseasaid
F80°L-=SI) %Y € FL8OI%L'EF L'L6 WOy LY QW) 19A0 duewloyIad 10 sAep ¢ buimoj|oy pue uoseasaid
OA-OA UllL-f YH% Ul 9SEID3P I)BISPOLL B YHIM L Y] OA-OA [BWIXEW pue Jo buiuuibaq ayy 3e pawioylad
pajdnod buluiely uoseasaid Jo sAep ¢ 1914e (19°0 | ¥| OA-OA UlW-{ YH% ul abueyd 9I9M 53593 | Y| OA-OA |BLLIXEW
F10°1=S3) WH/Z F GGLL 03 WHOE F £€FL Woy 40 apnyubew ay3 aeindjed |z (¢) ‘3ede shep G'9 ¥ G'8Z suoIsesd0
oUW Y] OA-OA Ul 9SBIIDUI d3RIIpOW (€) ‘9ourWIOLIRY Y] OA-OA 91e1edaS 7 UO | Y] OA-OA [BWIXEW
(€) ((E£€°0-*1£°0-) G 0-=1) LYl OA-OAV pue Y| |ewixew ul sabueyd 03 aAIHsuIS pawoyiad s1aheld () {(€ 3591 -
OA-OA UlW-f7 YH%V U9am1aq diysuoneal aalebau | si [ Y| OA-OA [EWIXBWQNS J9Y1aym Z1591) shep / pue (z 3591 - | 3593) s1ahe|d
abue| (7) {(%1:5°0)%L 0=DMS ‘(%E €:T)%P'T 3AI195G0 (Z) £ L¥] OA-OA UIW-{ Ytz Aq pajesedas ‘suoisedo ¢ uo (uwyp) Ly | anbes) Agbnu vz 19
SBM [ }| OA-OA U~ YH% JO AD |[B43n0 () ¥H Jo Ajjiqidnpoidal ssasse (L) | passasse sem AJljIqer|al 359131-1593 (1) | OA-OA [ewixewqns (z) <L ¥ OA-OA (1) 9w AR 7€ ulny
S]|NsaJ JueAd|RY swie Apms juensjay sjuawinseaw jo syuiod awij S9.INSseal JURAD|RY uonejndoq | sioyiny

a|dpuiid 1s9)

panunuod L 3|qeL <

44:95-107 | © 2022. The Author(s)

Int | Sports Med 2023

Schimpchen | et al. Minimally Invasive Ways to...

100



was comprised of entirely male subjects, while two studies recruit-
ed both female and male participants [35, 36].

Ten studies investigated changes in exercise heart rate (HRex)
atthe end of a standardized, submaximal running protocol [23, 26—
34], with both continuous [23,26-28,31] and intermittent run-
ning protocols [29-34] being evaluated. Most studies found chang-
esin HRex to be sensitive to changes in gold-standard tests [26, 28—
31,33] (Pearson’s r=0.51-0.88), while three studies failed to
establish any such relationship [23,32,34] (r=0.19-0.35). Chang-
es in post-exercise cardiac parasympathetic function were also in-
vestigated as a way to monitor fitness adaptations, with five stud-
ies investigating post-exercise heart rate recovery (HRR)
[28,30,31,35,36] and four studies investigating post-exercise
heart rate variability (HRV) [28, 29,31, 36]. For submaximal run-
ning protocols based on a fixed external load, changes in post-ex-
ercise HRV (r=0.76-0.88) [29, 31] were very largely associated with
changes in gold-standard tests, while changes in HRR (r=-0.07 -
-0.55) [30,31] were inconsistent. Changes in HRV and HRR follow-
ing running protocols based on a fixed internal load revealed only
trivial-to-moderate associations (r=-0.01-0.37) with changes in
various laboratory-derived markers of cardiocirculatory fitness
[35,36]. Two studies investigated the rate of heart rate increase
(rHRI) at the onset of submaximal running as a method to assess
changesin running performance [24, 25]. Results showed that rHRI
may be an appropriate tool to assess changes in 5-km treadmill
time trial (5TTT) performance in participants with lower initial en-
durance levels (r=-0.84), but not in fitterindividuals (r=0.08) [19].

Discussion

The aim of this systematic review was to provide an overview of
minimally invasive methods to monitor aerobic fitness in running-
based sports. An extensive range of protocols and their respective
associations with maximal effort endurance tests or valid submax-
imal physiological parameters of endurance capacity were sum-
marized and will be discussed in the following section.

The review identified two different categories of tests: (1) HR
response to a standardized (continuous or intermittent, linear or
non-linear, constant or graded) external load, and (2) running ve-
locity in response to a standardized internal load. Given that inter-
nal training load is usually considered to be the main determinator
of the training outcome [37] and since HR measures of internal load
are non-invasive, inexpensive, time efficient and can be easily ob-
tained simultaneously in many athletes with high precision [38],
HR measures represent an attractive option in the athlete monitor-
ing process. Consequently, all 14 studies included in this system-
atic review used HR measures to quantify the physiological re-
sponse during and after exercise, with HRex being the main indica-
tor of internal load investigated in all 14 studies.’

1 At this point, the authors want to emphasize that HR during and after
exercise should not be mistaken for a marker of overall internal load, but
that it “merely” describes the current functional state of the cardiocircu-
latory system. While the measure has some major advantages, such as
its ease of measurement, high measurement precision, and sound evi-
dence of related control mechanisms, it is important to remember that it
cannot provide feedback on other physiological systems that also largely
contribute to the overall exercise-induced internal load.

Heart Rate Response to a Standardized Task

Exercise Heart Rate at Submaximal Running Speeds

Due to its strong association with O, uptake over a wide range of
submaximal continuous [39] and intermittent activity [40,41],
HRex is considered a good marker of within-athlete relative exer-
cise intensity [38]. Therefore, it has been proposed that a reduc-
tion in HRex at a standardized submaximal intensity can be consid-
ered a positive aerobic-oriented training adaptation [16]. In fact,
Buchheit et al. [26] showed a very large correlation (r=-0.82) be-
tween changes in HRex after the third stage of a stepwise incre-
mental running test (12 km-h-) and changes in the running veloc-
ity associated with a blood lactate concentration of 4 mmol-L-!
(V4mmol). The authors reported that in 21 out of 23 cases, when
aclear (>2x typical error) individual change in HRex was observed,
asimilarly clear change in V4Ammol occurred, and vice-versa. Simi-
lar, albeit somewhat smaller correlations (r=-0.35 - -0.72) were
reported by Altmann et al. [27] in a replication study. They expand-
ed upon the initial study, proposing that thresholds of 4.5 and 6 %
are recommended when assessing substantial individual changes
in HRex at 12km-h-Tand V4mmol, respectively. Using these guide-
lines, the authors analyzed changes in the two variables over time
and identified a full agreement (both variables indicating substan-
tial changes in the same direction, e. g. substantially reduced HRex
paired with substantially increased V4Ammol suggest that both vari-
ables indicate improved fitness) in 63 % of the cases, a partial agree-
ment (substantial change in one variable, paired with an unclear
change in the other variable) in 37 % of the cases and a single case
out of a sample of 225 test comparisons which indicated a full mis-
match (one variable indicating a substantial change in one direc-
tion, with the other variable indicating a substantial change in the
opposite direction). Based on these findings, the authors of both
studies suggest that a simple 3-min submaximal warm-up run
might serve as a cost and time-efficient alternative to a multi-stage
incremental test with repeated blood lactate sampling [26, 27]. It
should be noted, however, that even though intensity and duration
are the same, HRex during a single 3-min runin afield environment
might be different from HRex after the third or fourth stage of a
treadmill-based exercise test as was the case in the analyses by Bu-
chheitetal. [26] and Altmann et al. [27], respectively. This assump-
tion should be verified prior to confidently accepting a simple trans-
ferability of these lab-based findings into the field.

In a further study, 14 moderately trained male runners under-
went an 8-week periodized training intervention [28]. Participants’
maximal aerobic speed (MAS) and 10-km time trial performance
were assessed pre- and post-intervention and a submaximal test,
consisting of 5 min of continuous running at 60 % of MAS, was car-
ried out fortnightly. From pre- to post-intervention, participants
saw a moderate decrease in submaximal HRex coupled with a large
improvement in MAS. Interestingly, while some participants with
higher initial training status improved their MAS but did not im-
prove their 10-km time trial performance, HRex decreased to a sim-
ilar degree than participants with lower initial training status who
improved in both fitness tests. This may be taken as an indication
that changes in submaximal HRex can potentially be misleading
with regards to (non-) adaptations in endurance capacity (i.e.
10-km time). Similarly, Lambert & Costill [23] did not find HRex at
the end of a submaximal 1.6 km run to be sensitive to changes in
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endurance performance in seven highly trained male college dis-
tance runners throughout a competitive cross-country season. The
authors reported a significant improvement in several laboratory-
derived markers of endurance performance (peak oxygen con-
sumption, running economy, fractional utilization of the aerobic
capacity, time to exhaustion - all: p<0.05), while HRex (and blood
lactate concentration) at an estimated mean intensity of 83 % of
pre-season peak oxygen consumption remained unchanged over
the same period. These findings raise doubt as to whether HRex at
submaximal intensities is sensitive enough to detect small but rel-
evant cardiocirculatory and metabolic changes, especially with re-
gards to highly trained individuals.

Several studies included in the present review investigated the
association of submaximal HRex with maximal performance out-
put during team sport-specific intermittent constant and graded
running protocols. Predominantly, different versions of the Yo-Yo
IRT test [31-34] and the submaximal 5-min running/5-min recov-
ery test [29-31] were investigated. The maximal version of the
Yo-Yo IR1 test has been studied extensively and is widely used
throughout a large number of different settings [42]. The studies
included in this review analyzed the participants’ HRex at pre-de-
fined early stages (at 2, 4, and 6 min) of the testing protocols and
established the association with the final distance achieved at max-
imum levels of physical exertion (gold-standard comparison). The
results of the analyses were rather inconclusive, with two studies
demonstrating small associations [32, 34], while two studies found
large correlations between changes in the two outcome measures
[31,33]. These contradicting findings might be partially explained
by comparably low levels of test reproducibility for the maximal
version of the Yo-Yo IR1 test [42,43]. Bok & Foster [43] and Schmitz
et al. [42] provide overviews of all studies analyzing the different
Yo-Yo tests in this regard and conclude that smaller effects on physi-
cal fitness might not be detectable using either of the Yo-Yo test
variants. Furthermore, given that the maximal Yo-Yo IR1 requires
amuch larger contribution from the anaerobic energy system com-
pared to the submaximal version [43], changes in anaerobic fitness
could explain changes in maximal Yo-Yo IR1 performance, but
would impact HRex at submaximal intensities to a much lesser ex-
tent [44].

Apart from the submaximal graded Yo-Yo tests, two studies ex-
amined submaximal constant velocity intermittent running proto-
cols [29,30]. Buchheit et al. [29] and Malone et al. .[30] consist-
ently demonstrated that changes in HRex during a 40 m shuttle run
test at 13 km-h-" for a duration of 5 min were very largely correlat-
ed with changes in Yo-Yo IR2 performance (r=0.88) during a pre-
season training camp in professional Australian Football players
[29] and largely correlated with changes in Yo-Yo IR1 performance
(r=0.64) during an in-season training camp in elite Gaelic football-
ers [30], respectively. Based on the above results, it appears that
constant velocity submaximal shuttle run protocols are more sen-
sitive to changes in aerobic fitness than graded submaximal inter-
mittent protocols. Nevertheless, further research is required be-
fore a more robust conclusion regarding graded versus non-grad-
ed submaximal intermittent testing protocols can be made.

In general, when evaluating HRex at submaximal intensities as
a measure of aerobic fitness, it needs to be pointed out that there
are various shortcomings associated with this approach. For in-

stance, exercise intensity identified as %HRmax does not necessar-
ily place individuals at an equivalent intensity above resting levels
[45], at times resulting in noticeable differences in the %VO,max
- %HRmax association at lower exercise intensities [46,47]. While
this issue can be resolved by establishing the resting HR for each
athlete to calculate individual HR reserve (HRges) ranges (which can
be considered equivalent to individual VO, reserve (VOyges) range),
several studies have shown that there can be a large discrepancy
in the metabolic stress associated with the same relative exercise
intensity (as quantified by %VO,max, %HRmMax, %VO,ges OF %HRRes)
between individuals [48-51]. Therefore, athletes exercising at the
same %HRmax or %HRRes cannot automatically be assumed to be
training in the same exercise intensity domain and within-athlete
changes in HRex at a given submaximal running speed might or
might not indicate a switch from one exercise intensity domain to
another. A further limitation relates to the interpretation of chang-
es in HRex, given that reductions in HRex at a standardized exter-
nal load cannot automatically be assumed to signal a positive car-
diocirculatory adaptation. Instead, it has been demonstrated that
similar reductions may also occur as a result of long-term fatigue
accumulation [52]. Furthermore, there is evidence that HRex at a
standardized submaximal intensity might only be sensitive to car-
diocirculatory adaptations during the first three-to-six months of
a training program, but not thereafter [53]. Whenever HRex at a
standardized submaximal intensity is used as a marker of aerobic
fitness, factors such as training status, environmental conditions
or time of day can allinfluence the HR - exercise intensity relation-
ship [54]. Provided that these circumstances are tightly controlled,
HRex has been found to be a highly reliable measure [55] and the
lowest day-to-day variations have been reported for intensi-
ties>85 % of HRmax [56]. It has been proposed that a change in
submaximal HRex of more than 3 beats-min-' can be considered a
meaningful change under these conditions [56].

Taken collectively, it appears that submaximal HRex can be a
valid indicator of changes in cardiocirculatory fitness, especially for
athletes with a lower initial training status within the first months
of a training program. Based on the findings of the included stud-
ies, it seems that constant velocity protocols (e. g. 3 min of contin-
uous running at 12km-h-1 or 5 min of intermittent 40 m shuttles at
13 km-h-1) should be preferred over graded protocols. Neverthe-
less, given that both positive and negative changes in HRex can be
the result of non-performance-related circumstances (e. g. fatigue,
hydration status or acute stress) [16, 52], the usefulness of HRex to
detect changes in cardiocirculatory fitness is maximized when it is
analyzed in the context of a larger array of monitoring tools. The
suitability of submaximal HRex to monitor changes in endurance
performance in highly trained athletes remains questionable, how-
ever.

Post-Exercise Heart Rate Recovery and Heart Rate
Variability

Five of the studies included in this review investigated changes in
post-exercise HRR [28, 30,31, 35, 36] and four studies analyzed
changes in post-exercise HRV [28,29,31, 36] and their respective
associations with changes in aerobic fitness. HRR and HRV have at-
tracted considerable interest over the previous decades since they
represent a non-invasive and inexpensive method to gain insight
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into the status of the autonomic nervous system [38,57-60]. Due
to the connection of the autonomic nervous system with many
other physiological systems, its responsiveness to exercise may pro-
vide useful information regarding the body’s ability to tolerate ex-
ercise and/or non-exercise related stressors and in turn inform the
planning of the training process [61, 62].

Vesterinen et al. investigated the association of changesin HRR
[35,36] and HRV [36] following a multi-stage running protocol
based on fixed percentages of the participants’ maximal HR
(HRmax) with changes in various laboratory-derived markers of
cardiocirculatory fitness following a 16-week training intervention.
Even though previous research in well-trained cyclists demonstrat-
ed very large-to-nearly perfect correlations between changes in
HRR and changes in peak power output (r=0.73) and 40-km time
trial time (r=0.96) [63], the same could not be replicated in run-
ners as HRR was not sensitive to changes in peak running speed in
anincremental treadmill test (r=-0.01 and r=-0.09) [35, 36]. Simi-
larly, changes in both HRR and HRV showed only trivial-to-moder-
ate associations with changes in other performance markers, such
as running velocity at the first and second lactate threshold or max-
imal oxygen consumption (r=-0.01-0.37) [35, 36]. The authors
speculated that the relatively high exercise intensity (90 % HRmax)
during the last 3 min of the test negatively impacted the sensitiv-
ity of HRV towards changes in cardiocirculatory fitness [38] and
that the homogeneous composition of the study sample resulted
in weaker associations between HRR and HRV and endurance per-
formance [36].

While de Freitas et al. [31] did not find changes in HRR follow-
ing a continuous 5-min run at 9 km-h-"in 10 professional futsal play-
ers to be associated with changes in maximum Yo-Yo IR1 and Yo-Yo
IR2 performance (r=-0.07 and r=-0.19), they did find that post-
exercise HRV was very largely related with changes in both maxi-
mal tests (r=0.76 and r=0.88). Similarly, Buchheit et al. [29]
showed that changes in HRV following 5 min of repeated 40-m
shuttle runs at 13 km-h-1 were very largely related to changes in
maximal Yo-Yo IR2 performance in 18 professional Australian Rules
Football players (r=0.78). In a further study, Buchheit et al. [28]
demonstrated that both HRR and HRV were sensitive to changes
in endurance capacity (i. e. 10-km time trial performance) in a sam-
ple of 14 moderately trained runners. A group of individuals re-
sponded positively to an 8-week training intervention (>0.5 % im-
provement in 10-km time trial time) and experienced a concurrent
large reduction in HRR and a moderate increase in HRV following
a 5-min continuous run at 60 % of their MAS, while a group of non-
responders experienced merely trivial alterations in both parame-
ters.

These opposing findings might not be entirely surprising, given
that Bellenger et al. [59] in a recent meta-analysis highlighted the
limitations associated with using post-exercise HRR or HRV as iso-
lated markers of athletic training status. Results of their analyses
revealed that interventions which induced performance improve-
ments were linked to concurrent increases in post-exercise HRR
and HRV. However, studies leading to reductions in performance
were equally associated with increases in the two parameters, high-
lighting that interpretation of HR-derived metrics of parasympa-
thetic and sympathetic activity is complex and highly context-de-
pendent. In this regard, it is important to consult additional moni-

toring variables such as the athlete’s subjective perception of
exertion to interpret changes in post-exercise HRR and HRV
[11,12].

Overall, the value of post-exercise HRR and HRV as methods to
monitor changes in cardiocirculatory fitness remains questionable.
HRR may be a suitable tool to track positive changes in high-inten-
sity exercise performance, while its ability to track negative perfor-
mance adaptations remains to be confirmed [38]. For the value of
post-exercise HRV to be maximized, the preceding exercise inten-
sity should be limited to below the first ventilatory threshold
[36,38]. When this was the case, changes in HRV were very largely
correlated with changes in intermittent fitness tests in the studies
analyzed.

Maximal Rate of Heart Rate Increase

Similarly to HRR and HRV, the HR kinetics at the onset of exercise
are also controlled by and therefore indicative of the parasympa-
thetic and sympathetic divisions of the autonomic nervous system
[59]. Anincrease in HR acceleration may be the result of enhanced
parasympathetic and/or decreased sympathetic modulation of the
HR response. This may be indicative of improved exercise perfor-
mance, resulting from a more rapid increase in oxygen delivery to
the working muscles and thus, a reduced amount of peripheral
muscle fatigue [59, 64]. In this context, rHRI describes the first de-
rivative of the sigmoidal HR curve obtained during the transition
from rest to steady-state during submaximal exercise. Two studies
included in the present review examined whether rHRI was sensi-
tive to changes in 5TTT performance [24, 25]. Bellenger et al. [24]
found that the best workload for rHRI assessment in trained run-
ners and triathletes was associated with the slowest running pro-
tocol investigated in the study, which consisted of 5 min of running
at 8 km-h-1. However, the authors pointed out that the association
between changes in rHRI and 5TTT performance was mainly driv-
en by a subgroup of athletes who were less conditioned (r=-0.84,
p<0.001), while this association was not significant for the pooled
sample (r=-0.24, p>0.05) or the subgroup of faster athletes
(r=0.08, p>0.05) [24]. In a follow-up study, Nelson et al. [25] used
the same dataset to investigate whether assessing rHRI over time
periods shorter than 5 min improved the sensitivity to detect train-
ing-induced changes in running performance, regardless of train-
ing status. Their results showed that rHRI at 8 km-h-1 most consist-
ently tracked 5TTT performance when rHRI was calculated over
durations of 2, 3 or 4 min, such that for each one beat:min-T-s7 in-
crease in rHRI there was an associated 5.3-5.5 second improve-
mentin 5TTT performance.

While the body of research on parameters of HR acceleration at
the onset of exercise is still relatively small, it does seem to indicate
that increases in rHRI are associated with positive training adapta-
tions and that decreases reflect negative training effects [59]. Very
short running protocols (2-4 min) at very low exercise intensities
(8 km'h-T) seem to be ideal for assessment, making it an interest-
ing option for athlete monitoring purposes. However, regular data
analysis on a potentially large set of athletes may be more labor-
intensive compared to other methods. Furthermore, additional re-
search on larger study samples is required to further refine the test-
ing protocols and establish its validity and reliability as a marker of
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athletic training status for both less trained and highly trained in-
dividuals.

Running Speed at a Standardized Internal Load

Instead of standardizing the external load and observing the associ-
ated internal response of the participants, two studies used an “in-
verted protocol” which standardized the internal load and looked to
quantify the resulting external output [35, 36]. Using an adapted
version of the LSCT, participants were required to run for 6 min ata
fixed intensity of 70 % HRmax (stage 1), 6 min at an intensity of 80 %
HRmax (stage 2) and 3 min at 90 % HRmax (stage 3). Following a 16-
week training intervention, pre-to-post changes in the resulting run-
ning speeds were analyzed and compared to changes in various lab-
oratory derived markers of aerobic fitness. Performing the test in
outdoor conditions, changes in the running speeds at stages 2 and
3 were found to be moderately-to-very largely correlated with chang-
es in maximal oxygen consumption (stage 2: r=0.6; stage 3:r=0.62),
the running velocities associated with the first (stage 2: r=0.48; stage
3:1r=0.52) and second lactate threshold(stage 2: r=0.43; stage 3:
r=0.74) and the peak velocity achieved during an incremental tread-
mill test to exhaustion(stage 2: r=0.57; stage 3: r=0.79), while
changes in running speed at stage 1 revealed only small-to-moder-
ate associations (r=0.24-0.34) [35]. Somewhat surprisingly, how-
ever, the same testing protocol performed under more standardized
conditions on a treadmill did not result in enhanced sensitivity to
track changes in peak treadmill velocity or maximal oxygen con-
sumption (r=0.24-0.52) [36]. This indicates that the adapted LSCT
protocol can be used confidently in field conditions by runners look-
ing to monitor training adaptations.

Accordingly, using mobile applications and HR monitors with
GPS function to assess changes in the running speeds at 80 %
HRmax and especially 90 % HRmax may provide valuable informa-
tion regarding training adaptation. Increased running speeds may
indicate positive changes, while reduced speeds may suggest a de-
cline in running performance. While running at 90 % HRmax may
not necessarily be considered minimally invasive, it has been shown
that higher exercise intensities evoke more reliable outcome meas-
ures [56], and Vesterinen et al. [35] provided evidence that chang-
es in running speeds at higher intensities are more correlated to
changes in various markers of aerobic fitness. Nevertheless, as has
been pointed out previously, long-term fatigue accumulation can
impact the HR - exercise intensity relationship and falsely suggest
performance improvements. Therefore, data on the athletes’ per-
ception of effort may be required to confidently interpret changes
in any outcome variable [11,12].

Limitations and Future Research Recommendations

One limitation of the current literature on standardized submaxi-
mal tests is that very few studies accurately report the physiologi-
cal demand that is placed on the athletes during the execution of
these tests. While reliability of HRex has been shown to be im-
proved at higher exercise intensities [56], (which is a disadvantage
when submaximal tests are targeted) there is evidence that proto-
colvalidity and sensitivity may be similarly enhanced by tests evok-
ing greaterinternal load on the athletes. In that regard, it would be
helpful if future studies quantified this load not only as a “raw”
HR, %HRmax or %HRges, but also in terms of the corresponding ex-
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ercise intensity domain or the intensity difference to a certain in-
tensity domain boundary. More detailed information on the evoked
physiological demand of the different testing protocols would cer-
tainly be helpful in establishing whether a minimal intensity re-
quirement exists and where it is anchored. A further limitation of
the current literature pertains to the fact that the validity of many
potentially interesting submaximal protocols - such as the use of
subjective athlete perception of exertion [65-67], the so-called
“talk-test” [68] in runners, or the integration of external and inter-
nal loads into an index of exercise economy [69] - has only been
established by comparison to a gold standard marker at a single
time point. There is no information available on the test sensitivity
to changes across multiple time points, however. While the be-
tween-athlete comparison is an important element of a given test,
we would argue that within-athlete analyses are the more perti-
nent issue within the context of athlete monitoring strategies.
Therefore, we recommend that future studies employ a multi time
point design to quantify and compare the magnitude of observed
change in both the submaximal test and the gold standard test and
analyze the results in the context of the typical error of measure-
ment associated with the testing protocols. This information would
greatly facilitate the interpretation of test results and allow practi-
tioners to more confidently evaluate whether worthwhile changes
in performance have or have not occurred. Finally, it is important
to point out that the search strategy chosen for this systematic re-
view has resulted in the detection of a number of different test ap-
proaches. While it was a study goal to provide the reader with a
comprehensive overview of available research on the topic, this
came at the expense of more strictly defined inclusion criteria. Con-
sequently, the studies located were too heterogeneous to be vali-
dly summarized, e. g. in a meta-analytical model.

Conclusions and Practical Considerations

This systematic review provides an overview of currently existing
methods and protocols that aim to monitor cardiocirculatory fit-
ness in running-based sports in a minimally invasive way. Based on
the review’s inclusion and exclusion criteria, we identified, summa-
rized, and provided context for 14 studies in an effort to inform
practitioners looking for feasible protocols. The decision which pro-
tocol may be most appropriate for a given situation is very context-
specific and dependent on the type of information one is looking
to gather. This can range from sporadic spotcheck measurements
to getting an estimate on how an athlete’s fitness levels may be
trending or frequent testing sessions with the goal to update exer-
cise intensity recommendations on a near-daily basis depending
on the athlete’s current fitness and fatigue levels. Independent of
which protocol is chosen, it seems vital that results are not inter-
preted in isolation, but rather considered in the context of sound
physiological knowledge and a larger monitoring framework.
Monitoring changes in HRex in response to a standardized run-
ning protocol seems to be a valid option for assessing changes in
endurance performance, particularly in the context of moderately
trained individuals within the first months of a training program.
Similarly, changes in running speeds at a fixed cardiocirculatory
load appear to be largely correlated with changes in endurance per-
formance, particularly at intensities greater than 80 % of HRmax.
While higher test intensities are certainly more impactful on sub-
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sequent training performance than tests of lower exercise intensi-
ties, reliability and validity of the resulting information seems to
be enhanced when a greater cardiocirculatory load is evoked. On
the other hand, it seems that the validity of post-exercise HRV as a
tool to monitor endurance performance is greater when the pre-
ceding running protocol is limited to intensities below the first ven-
tilatory threshold. While analyses of post-exercise HRV might be
less straightforward and more labor-intensive compared to more
simple analyses of HRex and associated running speeds, the evi-
dence presented in this review emphasizes the potential of post-
exercise HRV to observe changes in cardiocirculatory fitness in a
minimally invasive manner. The evidence regarding HRR as a suit-
able monitoring tool was inconclusive, while an analysis of rHRI
showed promising results but requires further supporting evidence
before more confident conclusions can be drawn.

It is outside the scope of the present review to provide an in-
depth description of the methodological considerations and con-
textual interpretation strategies necessary when working with HR-
based measures. Other review articles offer far more detail in this
regard [38,52,58-60]. Nevertheless, we want to highlight some
key considerations for practitioners intending to use minimally in-
vasive tests to monitor their athletes’ cardiocirculatory adapta-
tions:
= Several factors (ambient temperature, athlete hydration

status, time of day, etc.) can have a substantial impact on the

body’s response to a given standardized task. It is paramount
to create testing conditions that minimize the potential

impact of all sources of variability [57].
= Under standardized conditions, day-to-day variation in HRex

has been found to decrease with increasing exercise intensity.

While we have established that any submaximal test should

be as minimally invasive and physically demanding as

possible, practitioners must be aware that a decrease in

exercise intensity might lead to a decreased signal-to-noise

ratio [56].
= The magnitude of observed change (signal) in any outcome

measure must be evaluated against the typical error of

measurement (noise). In this context, it is important to

quantify the magnitude of change that is required to have a

practical effect (smallest worthwhile change). Ideally, the

typical error of the outcome measure should not exceed the

smallest worthwhile change [38,43].
= Similar changes in HR-derived measures may indicate

opposing trends in physical adaptation to chronic exercise. For

example, a decrease in HRex might indicate a positive fitness
adaptation but could also be the result of an overreaching-re-
lated performance impairment. Practitioners must under-
stand and implement in their testing strategies that fatigue
and performance are multifactorial constructs, and that any
single metric is likely unfit to adequately capture the respon-

siveness of the various physiological systems [38, 52].
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