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Introduction

We thank Desgorces for taking the time to read our recent
publication in the European Journal of Applied Physiol-
ogy (Herold et al. 2025b) and providing an insightful com-
mentary (Desgorces 2025). In his commentary, Desgorces
(2025) supports our view that density is an important vari-
able for analyzing and prescribing the dose and dosage of
physical activity (PA) in the consideration of their effects
on brain health. However, he also acknowledges that quan-
tifying PA density is challenging, which is underlined by
different perspectives on its definition, operationalization,
and interpretation. In this context, we are pleased to have the
opportunity for further clarification and for a constructive
discussion by providing our perspective on the points raised
by Desgorces (2025) in this reply. While we acknowledge
the points raised in Desgorces’ commentary (2025), our
response provides additional support for our understanding
of PA density as conveyed in our initial review.

Definition of density

Desgorces (2025) is accurate in noting that our definition
of the term density differs from the International System
of Units (i.e., Systeme International d’Unités; SI), which
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is an established and globally used measurement stand-
ard based on the metric system (Gilbey and Wilson 2020).
Specifically, SI broadly defines density as mass divided by
volume. In contrast, we provide a PA-specific definition of
density, particularly as the timing of PA (also referred to as
work bout[s]) within a single PA bout as well as the timing
between successive PA bouts within a specific time period
(e.g., day, week, month, or year) by providing information on
the temporal intervals (i.e., time spent resting,; also referred
to as rest, recovery, or relief bouts) within or between suc-
cessive PA bouts (Herold et al. 2025a, b; Manci et al. 2024).

Interestingly, a comparable discourse has emerged con-
cerning the term (training) load (Impellizzeri et al. 2022a, b;
Staunton et al. 2021, 2022). In this context, Impellizzeri and
colleagues (2022a; b) assert that employing the SI to opera-
tionally describe and define a phenomenon in the broader
field of exercise science (i.e., constructs such as training
load, or exercise and training variables such as density) is
not justified because the SI is neither an obligation nor a
requirement for the purpose of scientific communication.
Moreover, Desgroces’ (2025) narrow application for the
definition of density does not acknowledge that the term
density is often used in other scientific disciplines (e.g., psy-
chology) to reflect the general principle relating to a quan-
tity’s distribution (e.g., number of individuals; analogously
number of PA and rest bouts) within a given space (e.g., per
square mile; analogously total time spent on PA and timing
of PA and rest bouts within this period) (https://dictionary.
apa.org/density).

Thus, we believe that using the term density, when
appropriately contextualized (e.g., as PA density), and
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as done by others (Bompa 2009; Hernandez-Lougedo
et al. 2021), is appropriate for scientific communication,
although we acknowledge that others may prefer to use
other terms, such as ‘interbout interval’ (Yin et al. 2025),
to refer to this phenomenon.

Operationalization of density

Desgorces’ commentary (2025) questioned the opera-
tionalization of density through the quantification of the
duration of the rest/recovery bout(s)/interval(s)/period(s),
as he assumes °...that rest duration does not directly pro-
vide the value of density.” This appraisal is inconsistent
with the definition and operationalization of density in
the broader exercise science literature (Bompa 2009;
Hernindez-Lougedo et al. 2021). In direct support of this
view, Bompa (2009) states, ‘The density of training can
be thought of as a relationship that is expressed in units
of time between working and recovery phases of train-
ing. Thus, the greater the density of training, the shorter
the recovery time between working phases of training.’
Bompa’s definition (2009) and operationalization of den-
sity directly support our position (i) that this variable can
be quantified by the rest duration between two successive
bouts of PA, and (ii) that a greater PA density is character-
ized by shorter rest durations, and, vice versa, a lower PA
density is defined by longer ones (Herold et al. 2025a, b;
Manci et al. 2024). Thus, the alternative interpretation of
PA density proposed in Desgorces’ commentary (2025),
namely that ‘a 3-min rest period should represent greater
density than a I-min period’, should be treated cautiously
because it is neither consistent with the general interpre-
tation of this term in other scientific disciplines, such as
psychology (e.g., Would one attribute ‘greater density’
to a non-crowded environment with more physical space
per individual [analogously to a 3-min rest period], or to
a crowed environment with less physical space per indi-
vidual [analogous to a 1-min rest period]?—rIhttps://dicti
onary.apa.org/density]), nor those provided in the broader
exercise science literature (Bompa 2009).

Thus, and consistent with the broader exercise science
literature concerning the definition and operationalization
of density (Hernandez-Lougedo et al. 2021; Bompa 2009),
we maintain the opinion that (i) density can be quantified
by the rest duration and timing of PA within a single PA
bout as well as the timing between successive PA bouts
within a specific time period, and (ii) a longer rest dura-
tion (e.g., more time between successive bouts of PA),
which allows for a longer and tendentially more substantial
recovery, reflects a lower instead of a greater density.

@ Springer

Density in the context of physical activity
dose and dosage

Desgorces (2025) states in his commentary that the manipu-
lation of density would result in changes of the ‘fotal exer-
cise dose’ (i.e., *...when the protocols promoted changes in
the exercise density, this concomitantly led to alterations
in the total exercise dose.’), and suggested an alternative
approach to incorporate density to quantify PA dose (i.e.,
‘...we propose that the maximal duration achieved in each
exercise design (including rest bouts) can represent the max-
imal dose (Desgorces et al. 2020). The dose of an exercise
would, thus, be defined as the percentage of this maximum.”).
Before discussing these points in more detail, it is impera-
tive to clarify the terms dose and dosage, as a definition of
‘total exercise dose’ and an explanation of how it differs
from ‘maximal dose’ are absent in Desgorces’ commentary
(2025).

Definition of dose and dosage in the broader
physical activity literature

Within the exercise science literature, the dose is typically
defined as a product of exercise variables (e.g., exercise
intensity, exercise duration, type of exercise), and train-
ing variables (e.g., frequency of training sessions) (Solo-
mon 2018; Wasfy and Baggish 2016; Williams et al. 2019).
Therefore, dose is synonymous with training load (Impel-
lizzeri et al. 2023), which is a higher order, multidimen-
sional, and latent construct commonly defined as input
variable(s) to elicit a change in a specific outcome of interest
(Impellizzeri et al. 2019, 2020, 2023; McLaren et al. 2022).
In this context, a single ‘gold standard’ metric for operation-
alizing the dose/dosage/training load is unlikely to exist, as
the validity and appropriateness of a metric depend on the
particular aim and application scenario of the intervention
(Herold et al. 2019; Impellizzeri et al. 2023; Lambert and
Borresen 2010; McLaren et al. 2022). For clarification and
in reference to the comment by Desgorces (2025), in our pre-
vious work on this topic, we added the discourse on dose by
proposing that (i) it can be defined as specific indicators of
internal load for which there is evidence that they are (caus-
ally) involved in the complex psychophysiological processes
that drive the desired changes in outcomes of interest (Gron-
wald et al. 2020; Herold et al. 2019, 2020, 2025b), with
internal load as the psychophysiological response to external
load (i.e., work performed by an individual independent of
individual characteristics) and further influencing factors
(e.g., environmental and/or personal factors) (Bourdon et al.
2017; Impellizzeri et al. 2019; Wallace et al. 2009), and (i)
it should be differentiated from the term dosage (i.e., dose
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provided over a particular time; Gronwald et al. 2020, Her-
old et al. 2020, Herold et al. 2025b).

Density—an essential piece of the puzzle
to determine physical activity dose and dosage
with higher precision

Although a definition of ‘fotal exercise dose’ is absent in
the work of Desgorces (2025), it is plausible to assume that
manipulating one exercise or training variable, regardless
of whether this variable will be frequency, intensity, time
(duration), type, or density of the PA intervention, will alter
the dose and dosage of the intervention. Such an interpreta-
tion is well-supported by the scientific literature on this topic
(Buchheit and Laursen 2013a, b; Impellizzeri et al. 2019,
2020, 2023; Toigo and Boutellier 2006). Undoubtedly, alter-
ing the PA dose and dosage by purposefully manipulating
exposure to a particular exercise or training variable (i.e.,
density) is the key to isolating its effects on specific health-
related outcomes (e.g., brain health), and thus for gaining a
more comprehensive understanding of dose—response rela-
tionships that are often not well understood, especially in the
PA-brain health field (Erickson et al. 2019, 2022).

As discussed in our previous work (Herold et al. 2025a,
b; Manci et al. 2024), and reflected in relatively low report-
ing rates in empirical studies (see the systematic review
with meta-analysis of Manser and colleagues (2024) for an
example), PA density has been neglected in contemporary
PA research practice compared to other exercise and train-
ing variables (e.g., exercise intensity and training duration),
whose effects on health-related outcomes are frequently
studied (e.g., in meta-analyses investigating PA effects on
specific markers for brain health; Falck et al. 2019; Ludyga
et al. 2020; Mavilidi et al. 2025; Northey et al. 2018; Singh
et al. 2025). This is precisely why we call in our work for
future research on density, a qualitative, yet underrecognized
property of the PA dose and dosage, providing important
information on the timing and clustering of PA (Herold
et al. 2025a, b; Manci et al. 2024)—a view supported by
Desgorces (2025).

As pointed out in our original work (Herold et al. 2025b),
it is worth highlighting that manipulating the density should
not be equated with manipulating frequency (i.e., the num-
ber of PA bouts within a specific time period (Herold et al.
2025a, b; Manci et al. 2024). Thus, when elucidating the
effect of density, the total number of physical exercise ses-
sions, as planned and structured forms of PA (Caspersen
et al. 1985), within a specific time interval (i.e., frequency,
such as three planned physical exercise sessions per week)
should be kept comparable between groups exercising at dif-
ferent densities (e.g., the ‘low-density’ group exercises on
Day 1, Day 3, and Day 5, whereas the ‘high-density’ group
exercises on Day 1, Day 2, and Day 3; see also Fig. 1b in

our original work; Herold et al. 2025b). Considering a time
frame of 7 days provided in the example, it is unquestionable
that a PA intervention that rigorously controls for frequency
(i.e., with the same number of physical exercise bouts in
both intervention groups) and other relevant exercise and
training variables (e.g., intensity, type, duration) will result
in different ‘final’ rest durations. In particular, the ‘high-
density’ group will have a maximum of 4 days of rest after
the last exercise session in a period of 7 days (i.e., Day 4
to Day 7) compared to the ‘low-density’ group which will
have a maximum of 2 days of rest after the last exercise ses-
sion in the same period (i.e., Day 6 and Day 7). While the
pattern of the final rest durations between the two density
groups differs fundamentally within the example period of
7 days, studies must be designed with careful considera-
tion of the long-term periodization of the PA intervention
(e.g., Does the ‘high-density’ group’s longer final rest dura-
tion at the end of the 7 days lead into another high-density
exercise block in the next training period?). This inherently
longer final rest duration in the ‘high-density’ group, when
rigorously controlling for frequency, can be considered a
potential challenge when studying the effects of density,
depending on study aim and context, and is a consideration
specifically demonstrated in Fig. 1b in our original work
(Herold et al. 2025b).

Desgorces’ commentary (2025) posed the question of
whether °...density of exercise [would] remain unchanged
when an exercise is performed at a higher intensity with an
unchanged rest duration?’. Based on the definition of den-
sity in our previous work (Herold et al. 2025a, b; Manci et al.
2024) and those provided in the broader exercise science
literature (Bompa 2009; Hernandez-Lougedo et al. 2021),
PA density will remain unchanged in this example because
the rest duration, as its key feature, is not manipulated. From
a practical perspective, one could argue that the rest dura-
tion, and thus the density, could be adjusted (e.g., extended)
to account for the increase in exercise intensity. However,
such a potential adjustment of density strongly depends on
further variables in the PA prescription puzzle, considering
the intervention aims and context.

Taking the broader exercise science literature on PA
dose and dosage (i.e., synonymous with training load) into
account, we believe that the assumptions and contextualiza-
tion of density in terms of the constructs provided in our
original proposal (Herold et al. 2025b) are entirely valid
and appropriate. However, as detailed in our previous work
(Herold et al. 2025b), we agree with Desgorces’ position
(2025) that a precise determination of PA dose and dosage,
including the variable density, can indeed be ‘tricky’. This
has been acknowledged in our previous work (Herold et al.
2025b) as follows: ‘...we wish to emphasize that the precise
characterization or prescription of a specific PA dosage will
remain a considerable challenge...’.

@ Springer



European Journal of Applied Physiology

Summary

In conclusion, we are grateful for the insightful commen-
tary of Desgorces (2025), highlighting different views on
the definition, operationalization, and interpretation of PA
density, and providing an important impetus to discuss chal-
lenges related to the accurate determination of PA dose and
dosage, particularly for PA density as one variable, in more
depth. We hope that this reply and related discussion will
contribute to a critical, yet constructive scientific discourse
that will enable the identification of suitable approaches to
determine PA dose and dosage, including PA density, in
specific application scenarios with high precision. Char-
acterizing the PA dose and dosage with high precision is
an important prerequisite for a better understanding of PA-
related health effects, which, in turn, is an essential piece of
information for optimizing health-related PA recommenda-
tions and interventions.
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