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Headline

ubmaximal effort testing has been widely used since the

mid-20th century to assess cardiovascular function in clin-
ical and general populations (Table 1). Pioneered by Bruce in
1949, these methods include protocols such as the Astrand
test (1954), Physical Work Capacity 170 (1976), and vari-
ous walking and cycling tests like the 6- and 12-min walk
tests (1985, 1976), the Rockport Fitness Test (1987), and the
YMCA submaximal cycling test (1989), among others (Bruce
1949, Astrand 1954, Haber 1976, Bassey 1976, McGavin 1976,
Guyatt 1985, Kline 1987, Franks 1989, Ebbeling 1991, Singh
1992, Broman 1971). These were developed primarily to evalu-
ate health status, aerobic capacity, and rehabilitation progress
in non-athletic or clinical populations using heart rate (HR)
responses to controlled workloads.

Over time, these principles were adopted in sports science
research. Since the 1980s, HR responses to submaximal exer-
cise have been used to monitor aerobic adaptations in individ-
ual athletes from endurance disciplines (Costill 1985, Houmard
1990, 1994, D’Acquisto 1992, Jeukendrup 1992, McConell
1993, Flynn 1994, Stone 1981, Haykowsky 1998, Hooper 1995,
Martin 2000, Rietjens 2001, Dressendorfer 2002, Neary 2003).
More recently (i.e., post 2000s), these submaximal testing ap-
proaches have been adapted for use in team sports. Initially fo-
cused on controlled running protocols as embedded monitoring
tools (Buchheit 2014a, Shushan 2022), these runs have since
expanded to include sport-specific drills and, more recently,
invisible testing approaches where training itself becomes the
test (Mandorino 2025). Advances in wearable technology,
data analytics, and statistical modeling have further refined
the interpretation of HR responses, enabling smooth integra-
tion into routine monitoring frameworks (Delaney 2018, Leduc
2025). Importantly, submaximal testing and its variants mea-
sure physiological responses to exercise ranging from generic
to sport-specific formats, offering insight into cardiorespira-
tory status. However, they do not capture true sport-specific
fitness, which remains a performance precondition that cannot
be directly assessed (Mandorino 2025, Verheijen 2025).
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In this paper, we build on the recent work of Buchheit & Hader
(2025) on monitoring load and response, focusing specifically
on metabolic responses. We explore the principles, methodolo-
gies, and applications of HR-derived indices from submaximal
tests in elite team sports, highlighting their advantages, chal-
lenges, and continued evolution. In addition to outlining the
physiological basis and practical implementation, we provide
clear guidelines for interpreting changes and trends, present
real-world case studies to illustrate their use, and discuss po-
tential confounding factors. A practical decision tree is also
included to support accurate interpretation and help inform
training decisions. While the very large majority of research to
date has been conducted on young to adult elite male athletes,
the underlying principles and recommendations presented here
are intended to apply transversely across populations, includ-
ing female athletes and other groups, even though further re-
search is warranted in these areas.

When did we (authors) start?

I (MB) personally started in 2005, monitoring young elite
handball players (Buchheit 2008b), recreational runners
preparing a 10 km race in 2007 (Buchheit 2010a), test-
ing young and professional football players in 2009-2014 in
Qatar (Buchheit 2010c, 2011b, 2012, Aspire Video) and Iran
(Buchheit 2014b), Australian football players from 20112013
(Buchheit 2013b, 2015b, Racinais 2014, Carlton FC |[Video)
and even monitored the youth Australian soccer team during
a camp in Bolivia!l (Buchheit 2013a). I then also brought
the test everywhere with me in my journey, in PSG from
2014 to 2020 (Buchheit 2016, 2020, Lacome 2018a, 2018b,
PSG |Video), to Lille OSC in 2021-2023 (Buchheit 2023), and
Olympique de Lyon in 2023, to Aspetar (present). I also con-
tributed to applied projects in several top leagues, including
the English Premier League (Thorpe 2015, 2016 and 2017) and
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https://youtu.be/layeZiNApLQ?feature=shared
https://youtu.be/_c5LKAm0aPo
https://youtu.be/HiFS7iqsIHg
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the Bundesliga (Altmann 2021), and Gaelic National League
Division 1 (Malone 2017), among others—alongside numer-
ous clubs I've consulted for since 2020, many of which have
adopted the submaximal tests as part of their routine moni-
toring.

In parallel, the co-authors of the present manuscript also
began implementing submaximal tests in their respective con-
texts, across a wide range of levels and with both male and
female athletes (Figure 1). Among these are soccer players
from countries including Australia (Shushan 2023a, 2024a,
2025; MacKenzie 2025, Video 1| & Video 2), Israel (Dello Ta-
cono 2022), United States, Iran (Rabbani 2017, 2018, 2019,
2020), Portugal, Qatar (Younesi 2021a, 2021b), Greece (Rab-
bani 2024), the UAE (Rabbani 2023), UK (2011 to 2015 Eng-
land Women and 2014 to 2020 Hull, Newcastle Red Bulls [for-
merly Falcons|, Video), the Netherlands (Houtmeyers 2022),

and Germany (Altmann 2021, 2023) as well as elite senior
athletes from the Australian rugby league (NRL; Scott 2018,
2022), Australian football league (AFL; Arguedas-Soley 2024,
Video 1, Video 2| & Video 3), and elite German badminton
(Schneider 2020).

This current paper expands on my (MB) 2014 publication
on HR monitoring and submaximal tests (Buchheit 2014a),
which has driven significant research over the past decade.
With over 100,000 views and ranking among my top three
most cited papers on Google Scholar, that work highlights the
relevance and impact of submaximal tests in applied sports
science. The studies cited here reflect the continued evolution
of the approach, as it has been adapted to new contexts and
environments, leading to further research and innovation over
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the years.

Table 1. A historical summary of common tests adopted in clinical settings (Taken from Shushan 2022).

HR: heart rate. RPE: ratings of perceived exertion.

Tests Year Activity Description I\O/Iutcome Reference
easures
A single-stage to a .
The Bruce Physical 1949 Walkin max of 10 minutes Dl?:iff;hfggfg: Bruce & Pearson
Index Test (PFI) & at 0.77 ms Yand | P HRR ) 1949
10% grade
6-min at workload
Aerobic Capacity . eliciting HR Astrand &
Fitness Test 1954 Cycling steady-state between HR Ryhming 1954
125-170 bpm
Supine cycling at 3
Cyclic Step Test 1971 Cycling workloads: 0, 3010, HR, ventilation \/\lfgig:zIrI‘z;nlé&?l
650 kpm-min
Multi-stage with
. . progressive increases Duration, oxygen .
qulﬁed Bruce 1971/1973 Walkmg/ in grade (up to 10%) | uptake difference, Bruce, 1971;
Physical Index Test Running and speed (~10 HRR Bruce 1973
kmh 1)
Physical Work 3 incremental
Capacity 170 1976 Cycling Wfo il;loa{)ds untﬂ?H(;{ Power (W) Haber 1976
(PWC170) of 170 bpm or 757
max
. Time, speed
Self-Paced Walking . 3 self-paced 250 m : ! ’
Test (SPWT) 1976 Walking walking bouts stride fﬁg, mean Bassey 1976
12-min Walk Test . 12 minutes . .
(12-MWT) 1976 Walking self-paced walking Distance McGavin 1976
6-min Walk Test . 6 minutes self-paced .
(6-MWT) 1985 Walking walking Distance Guyatt 1985
1-Mile Track Walk 1-mile walking;
Test 1987 Walking requires two similar Duration and HR Kline 1987
(1-MTW /Rockport) test trials
YMCA Cycle 3-stage cycling to
SE{)gIg;I;ei‘;el;l 1989 Cycling reach ~85% HR, max Power (W) Franks 1989
Single Stage 4 minutes, 3—spee§l
Submaximal . stages (1.2-2 m's *) .
Treadmill Walking 1991 Walking at 0, 5, and 10% HR and RPE Ebbeling 1991
Test incline
Modified Shuttle Walking/ 10-m shuttles across
. 1992 . 12 levels (0.5-2.37 HR and RPE Singh 1992
Walking Test Running ms 1)
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https://youtu.be/Bv89kBEaCzc
https://youtu.be/R2XzkXeJj-o
https://youtu.be/PChPfLPnaC0
https://youtu.be/Ke8_Tsz8NyM
https://youtu.be/2gTJFJufwN4
https://youtu.be/f61m1saWUg0
https://scholar.google.com/citations?hl=en&user=JwnPRl4AAAAJ
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Fig. 1. Examples of global contexts where submaximal runs have been implemented over the past 20 years. We (MB)
generally either run alongside players using a stopwatch or provide them with one directly. The run is segmented into
15-sec loops (Figure 9), with a reset each time, so players only need to reach the cones at the right moment. This setup
makes it easy to check pacing without interrupting the flow. No whistles involved, just light jogging and natural pacing,
which feels less like a test and more like part of the session. When using shuttle protocols, it can be useful to provide
players with an audio cue, particularly if they are spread out across the field. See Shaun McLaren pacing players with
a whistle in mouth while running alongside them checking the watch. An impressive skill developed over years, notably
without ever swallowing the whistle.
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