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THE CONJECTURE OF CARRYING CAPACITY IN CANCER:
THERMODYNAMIC IMPLICATIONS

GIULIA GRISOLIA a , UMBERTO LUCIA b∗ AND THOMAS S. DEISBOECK c

ABSTRACT. In this study, we explore Deisboeck and Z. Wang’s conjecture from 2007,
which establishes a quantitative relationship between the spatial expansion of tumours and
the volume constraints as well as functional variations of the surrounding host tissue. By
integrating the physical properties of cells into this mechanistic framework, we provide
a robust thermodynamic interpretation based on cellular internal energy. Our findings
decisively characterise the conditions that facilitate coexistence between tumours and host
organs at first, while also identifying the factors that eventually drive the competitive
transformation of tumour cells through spatial dissemination-specifically, local invasion
into healthy tissue followed by distant metastasis. We underscore the critical necessity of
vascularisation from an energetic perspective and highlight the existence of an ‘entropy
threshold’ for cancer invasion, which mirrors a phase transition in physics, as revealed
through the application of the second law of thermodynamics.

1. Introduction

In 2020, approximately 10 million people worldwide were diagnosed with cancer, and
projections indicate that this number could double by 2030 (Michor et al. 2011). Despite
advancements in surveillance, diagnosis, and treatment, the prognosis for many advanced
cancers remains poor. Therefore, new strategies are urgently needed. Physics is emerging
as a new and promising approach to studying cancer progression, particularly through the
lens of thermodynamics (Katchalsky and Kedem 1962; Lucia 2013, 2015; Arango-Restrepo
and Rubi 2023; Shamsabadipour et al. 2023), which offers quantitative models to describe
cancer as a complex system.

Since the inception of cancer research, one of the fundamental questions addressed by
scientists has been the identification of the growth laws governing tumour behaviour. This
inquiry is inherently linked to the objective of modelling the effects of cancer treatments and
optimizing therapeutic strategies. Various ordinary differential equation (ODE) models have
been proposed, typically categorized as first-order models. These models are named after
notable researchers, including Malthus (exponential growth law), Verhulst (logistic growth
law), Gompertz, Richards, von Bertalanffy, and West, among others. Most of these models
exhibit a ‘carrying capacity’, which is reached following an initial phase characterized
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A1-2 GRISOLIA G. ET AL.

by either exponential or power growth, subsequently transitioning to a sigmoidal growth
pattern. This so-called carrying capacity of a system is the maximum population size that
can be sustained by that specific system, given the resources (metabolites, oxygen, etc.)
available. As such, the carrying capacity represents the system’s maximal load related to
the population equilibrium when the number of deaths in a population equals the number
of births, which involves a number of intricate traits from proliferation rate and maximum
packing density to mechanic and metabolic adaptation. It further implies that the resource
extraction is not above the rate of regeneration of the resources and that the waste generated
is within the assimilating capacity of the system (Dhondt 1988). Consequently, both tumour
and healthy tissue have different carrying capacities; in this paper we focus on that of the
healthy tissue and its dynamic relationship with the growing tumour it ‘hosts’ within its
confines.

Tissues can also be modelled as self-organizing structures using a non-equilibrium ther-
modynamic approach that analyses entropy production and energy dissipation in response
to external stimuli (Lucia 2015). Following the work of Zivieri et al. (2017), the study of
entropy variation resulting from heat fluxes informs the analysis of biochemical reactions
occurring in living cells (Zivieri and Pacini 2017, 2018). The concept of entropy production
helps to explain the various mechanisms at play within cancerous tissues at different scales
and stages of the disease (Arango-Restrepo and Rubi 2023).

In this paper, we will integrate this innovative mechanistic viewpoint with thermodynamic
modelling by introducing considerations related to cancer growth and energy management.
We will discuss our findings in relation to experimental data reported in the literature and
consider their clinical potential.

2. Materials and methods

Cancer remains one of the predominant causes of mortality worldwide and, according
to the latest global estimates for 2023, constitutes the second leading cause of death after
cardiovascular disorders (Force et al. (GBD 2023 cancer collaborators) 2025). Reports
from the World Health Organization indicate that malignant pathologies were responsible
for roughly 16% of total global deaths in 2020, amounting to close to 10 million fatalities.
Earlier demographic projections anticipated that annual cancer-related deaths would exceed
11 million by 2030 (Verginadis et al. 2012). Updated predictive models now suggest that this
burden will continue to intensify, with yearly mortality expected to approach 18.6 million
by 2050 (Force et al. (GBD 2023 cancer collaborators) 2025). In parallel, accumulating
evidence underscores the fundamental role of physical determinants in tumour initiation,
evolution, and response to therapy (Clevenger et al. 2024; Q. Wang et al. 2024). Although
significant progress has been achieved in screening, diagnostic techniques, and therapeutic
interventions, outcomes for patients with advanced-stage malignancies remain largely un-
favourable. This persistent challenge highlights the pressing need for innovative conceptual
and methodological approaches. In this context, physics is increasingly recognized as a
valuable framework for investigating cancer dynamics, particularly through the lens of
thermodynamics (Lucia 2013, 2015; Arango-Restrepo and Rubi 2023), which enables
quantitative descriptions of cancer as a complex, non-equilibrium system.
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THE CONJECTURE OF CARRYING CAPACITY IN CANCER: . . . A1-3

As developed by Deisboeck and Z. Wang (2007), at the outset, a host organ can sustain
a still relatively small tumour growing locally, i.e., Vtum is less than (or, at max, equal to)
the normal tissue’s carrying capacity (Cc) which itself is a composite of functionality per
unit tissue volume. The authors argued that host tissue functionality exceeds its volume or
structural unit and so defined Cc ≤ 1 (or 1/(Ftis/Vtis). Together, this yields that the ‘critical’
threshold for a given tumour volume to trigger metastasis outside the host organ is less
or equal to 1. Note that in this scenario, the more specialized the tissue’s functionality,
the smaller it’s Cc and therefore the earlier any tumour would have to metastasize. We
summarize this relationship here as:

dVtum(t)
dt

≤ dCc

dt
(1)

where Cc = (Ftis/Vtis)
−1 is the tissue carrying capacity, Vtum is the maximum tumour

volume that can be sustained by the tissue’s composite volume (Vtis) infrastructure, Ftis > 1
represents the level of specialization or functionality of a given tissue, and t stands for time.
The concept implemented here is that anatomical structure and the functionality it enables
are necessarily related, but not identical; in fact, based on a complexity perspective, an
organ’s emergent functionality exceeds the sum of its tissue volume units. As postulated in
the aforementioned paper by Deisboeck and Z. Wang (2007), this equation shows that if the
growth rate of the tumour is less than or equal to the adjustment rate of the carrying capacity,
the host organ’s environmental setting remains permissive for on-site tumour growth.

Starting now from Eq. (1) to obtain a thermodynamic relationship, we multiply the two
terms of Eq. (1) by ρtum ctum T , where T is the temperature of the composite tissue, ctum
stands for the specific heat of the tumour, and ρtum represents the density of the tumour,
obtaining:

ρtum ctum T
dVtum(t)

dt
≤ ρtum ctum T

dCc

dt
(2)

which, considering that ρ cT V =U , with U being internal energy, we can obtain:

dUtum(t)
dt

≤ ρtum ctum T
dCc

dt
(3)

Taking into account the first law of thermodynamics, i.e., dU/dt = φ −Wt„ with φ thermal
power and Wt useful work, we can write:

(φ −Wt)tum ≤ ρtum ctum T
dCc

dt
(4)

Equation (4) points out that up until the temperature of the tumour remains the same as
that of the surrounding, non-cancerous host tissue, this organ tissue remains permissive for
on-site growth - as the cancer cells’ Warburg metabolic cycle is less efficient than the Krebs
cycle of the healthy tissue (Warburg 1956; Vander Heiden, Cantley, and Thompson 2009).
It is precisely this lower efficiency that requires a greater provision of metabolites (Pavlova
and Thompson 2016; Martinez-Outschoorn et al. 2017), which can be realised by tumour
angiogenesis (Lugano, Ramachandran, and Dimberg 2020), i.e., an increase in vascular
supply. Then, as cancer growth continues, the intrinsic tumour temperature increases
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A1-4 GRISOLIA G. ET AL.

due to inflammation and mechanical shifts of exerted stress and sustained strain, through
mechanical forces of confinement and cell proliferation-based expansion. Competitive
behaviour (versus the surrounding host tissue) ensues as the tumour transitions from locally
contained growth to regional (and eventually distant) dissemination, referring to local
infiltration, lymph node involvement and systemic metastases via the vascular system.

Following Schrödinger, life is based on entropy decrease, that corresponds to a state of
high organization. Entropy outflow can be realised by (Schrödinger 1944):

• absorbing low-entropy nutrients (e.g., glucose, glutamine) and yielding high-
entropy waste products (e.g., CO2 and H2O);

• generating heat,
i.e., conditions that are mathematically represented by the following equation (Ozilgen and
Oner 2016):

dS
dt

=

(︃
dS
dt

)︃
prod

−
(︃

dS
dt

)︃
out

=

(︃
dS
dt

)︃
prod

−
[︃

φ

T
+

(︃
dS
dt

)︃
exch

]︃
≤ 0 (5)

where dS/dt is the rate of entropy change in a living organism, prod identifies the rate
of internal entropy production due to its metabolic reactions, out denotes outflow, which
expresses the rate of pumping entropy out, φ is the heat power flux, exch stands for
exchanged, which expresses the rate of entropy change due to the exchange of chemical
species between an organism and the environment, and T [K] is the temperature, and prod
means produced. Considering Eq. (5) it follows that:(︃

dS
dt

)︃
out

≥
(︃

dS
dt

)︃
prod

(6)

This approach can also be rewritten in terms of Gibbs free energy ∆G, introducing the
hypothesis that life is the sum of catabolic and anabolic reactions in a system of constant
composition (the cell), which can analytically be expressed by the following equation (von
Stockar and van der Wielen 2013):

∆Gm = ∆Hm −T ∆Sm (7)

where ∆Gm is the Gibbs free energy related to the production of one mole of new biomass,
∆Hm is the enthalpy variation due to the production of one mole of new biomass, and ∆Sm
depicts the entropy variation due to consumption of nutrients to generate one mole of new
biomass. It emerges that Gibbs’ free energy of the living environment presents two different
processes:

• heat generation by the living organism (∆H);
• the increase of entropy (∆S) due to the production of waste molecules of higher

entropy value than the ingested nutrients (Ghuchani 2019).
If we introduce the hypothesis of stationary states for the cells, both for cancer and healthy
tissue, the internal entropy production rate (Sprod), in the absence of mechanical work, can
be obtained in terms of this biochemical reaction ξ̇ (von Stockar et al. 2006):

ξ̇ ·∆Gm =−T
(︃

dS
dt

)︃
prod

(8)
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THE CONJECTURE OF CARRYING CAPACITY IN CANCER: . . . A1-5

Considering that (dS/dt)prod is always positive for living cells (von Stockar et al. 2006), it
follows that ∆Gm turns negative, with the consequence that living cells are able to maintain
their internal low-entropy state by increasing the entropy of their environment.

3. Results

Our main result consists of Eq. (4), which states that a ‘threshold’ exists for entropy
production, as obtained in Eq. (6); here, tumour ‘behaviour’ switches from non-competitive,
co-existing to competitive, expansive growth versus normal cells in the surrounding host
tissue, in agreement with the expectation of Davies, Demetrius, and Tuszynski (2011) and
confirming Deisboeck & Z. Wang’s earlier mechanistic concept (2007). Specifically, Eq. (4)
highlights that if, in a given tumour, the entropy outflow exceeds entropy production, a
slower proliferating, more stationary tumour coexists with the normal tissue. However,
if the entropy outflow is lower than the entropy production, Eq. (4) describes a rapidly
proliferating tumour, where such local entropy increase leads to excess internal cell energy
and thus higher tumour temperature: the consequence is both, the need for increased neo-
vascularization (to increase nutrient supply and provide flow for cooling) and eventually,
competitive (local) invasion as well as (distant or systemic) metastasis. Considering Eq. (4)
under equilibrium condition (sign =), we see the following two extreme cases:

• Wt = 0, i.e., cancer does not exhibit any thermodynamic work, and fails to grow;
cancer carrying capacity has a positive sign because the tumour cell must process
heat outflow to live; in this case cancer does not compete with its environment;

• φ = 0, i.e., cancer is converting all its energy into molecular production during
growth; in this case, cancer competes with normal cells for metabolites and energy.

Of course, these two cases cannot occur, while heat transfer and work performance must
occur together to allow for viability. But, if there is an excess of energy present it must be
converted into other forms, i.e., work. So, when cancer increases its growth, the carrying
capacity of the system decreases. These considerations agree with the results of Gerlee and
Anderson (2015). From here, our approach focuses on the concept of carrying capacity
related to the host tissue.

Now, considering Eqs. (4), (5), (7), and (8), it is possible to obtain the following relation:

dCc

dt
≥ 1

ρtum ctum

[︃
ξ̇ ∆Sm −

(︃
dS
dt

)︃
exch

]︃
− 1

ρtum ctum T

(︃
ξ̇ ∆Hm +Wtum

)︃
(9)

Based on the definition of carrying capacity (Cc =Vtis/Ftis) it follows:

dCc

dt
=

1
Ftis

dVtis

dt
− Vtis

F2
tis

dFtis

dt
=

1
Ftis

dVtis

dt

(︃
1− Vtis

Ftis

dFtis

dV

)︃
≥

≥ 1
ρtum ctum

[︃
ξ̇ ∆Sm −

(︃
dS
dt

)︃
exch

]︃
− 1

ρtum ctum T

(︃
ξ̇ ∆Hm +Wtum

)︃ (10)

Concerning this inequality, we can argue that:

1− Vtis

Ftis

dFtis

dV
< 0 (11)
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A1-6 GRISOLIA G. ET AL.

then Ftis exceeds Vtis, and Cc is below 1; consequently, for evolved, highly specialized
human tissues, such as the brain parenchyma for instance, the tumour volume that can
be sustained would have to be smaller and as such spatial tumour expansion would start
relatively sooner. Conversely, if

1− Vtis

Ftis

dFtis

dV
> 0 (12)

then Ftis remains smaller than Vtis, and Cc is greater than 1. In reality, the applicable medical
scenario would include for instance already tumour-infiltrated tissues and/or surrounding
areas post-treatment such as after surgery, radiation- and chemo-therapy impact where the
tissue oedema or swelling is common (hence, increasing Vt is) (Solar et al. 2022)). In either
case, a compromised organ architecture – and thus, concomitantly, an even more rapidly
decaying functionality or Ftis – permits a comparatively larger, recurrent tumour volume
prior to a secondary spatial expansion wave.

It is sensible to understand both these cases as a dynamic sequence: After malignant
transformation, the still small neoplasm grows within a Cc < 1 host setting while, at Cc > 1,
the altered environment later on inevitably fuels further tumour progression of on-site
growth and spatial expansion. Note that, as an analytical inequality, the carrying capacity
threshold Cc implies the aforementioned entropy threshold. Using this result we can also
state that the temperature must be highest in the centre of the tightly packed tumour, where
motility and invasion are reduced, while it is lower at the boundary, where malignant cells
are shed and invasion increases. This result is also in agreement with the results presented
by Shimatani et al. (2021).

4. Discussion and conclusions

Cancer should be conceptualized as a complex and dynamic biosystem possessing self-
organizing capabilities at both the cellular and tissue levels. During the process of tumour
growth, heat is transferred from the tumour to the surrounding host tissue. Due to the less
efficient metabolic processes in cancer cells, the variation in entropy within these cells is
lower than that in healthy tissue. Consequently, cancerous tissues must enhance their heat
transfer mechanisms (Lucia 2012). This ability to generate heat is a dynamic characteristic
that evolves throughout the progression of the tumour, influenced by two primary factors:

• biochemical reactions;
• neovascularisation, which provides essential oxygen and nutrients to support the

metabolism of rapidly proliferating tumour cells (Sherwood, Parris, and Folkman
1971). Indeed, neovascularization is a critical physiological process that drives the
growth and metastasis of malignant tumours (Gimbrone et al. 1972), depending on
a range of proangiogenic cues, some of which have already served as therapeutic
targets such as its vascular endothelial growth factor for instance (Jain 2005).

When the blood supply is inadequate or co-opted, tumour growth is limited to approx-
imately 1–2 mm3 in diameter. Hypoxia can then trigger an angiogenic switch, leading
to the formation of new blood vessels. This neovascularisation facilitates tumour growth
while maximizing heat generation. However, the rapid expansion of the tumour mass may
induce mechanical constraints on these newly formed blood vessels, resulting eventually
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THE CONJECTURE OF CARRYING CAPACITY IN CANCER: . . . A1-7

in a diminished nutrient supply. This leads to local hypoxia, followed by apoptosis at the
cellular level and irreversible central necrosis at the tissue level. Consequently, the reduction
in metabolic activity within the tumour ultimately results in a decrease in its temperature.

We have commenced our analysis with Eq. (1), which builds upon previous conceptual
work characterizing the relationship between volumetric tumour growth and the mechanistic
constraints and functional variations of the surrounding host tissue (Deisboeck and Z. Wang
2007). Furthermore, we have introduced some thermo-physical properties of cells into
Eq. (1) and obtained its thermodynamic interpretation in terms of cellular internal energy
(Eq. (3)). By applying the first law of thermodynamics, we have incorporated the heat
exchanged and functions performed by the cells themselves (Eq. (4)).

The analytical results highlight the conditions for tumour-host tissue coexistence, as well
as those that favour the onset of invasion of tumour cells into the surrounding healthy tissue.
Additionally, the necessity of tumour vascularization emerges from an energetic perspective.
Specifically, our findings suggest the existence of an entropy production inequality (Eq. (6))
as a threshold for triggering cancer invasion, akin to a phase transition in physics (Davies,
Demetrius, and Tuszynski 2011). The presence of a threshold in a thermodynamic potential
- here, entropy - correlates with results from studies of potential functions in dynamical
systems (Fuchs 2011), where a threshold manifests in the analysis of stable and unstable
fixed points, indicating the evolution towards a local minimum or maximum of the potential
functions associated with the control or expansion of cancer discussed in this paper.

Moreover, we note that conceptually, this entropy threshold is likely related to the ‘carry-
ing capacity’ referenced in the paper by Deisboeck and Z. Wang (2007) as both a mechanical
and structural aspect of the host environment; this suggests that the threshold may be not
only tumour-specific but also organ-specific. Ultimately, this could provide opportunities to
incorporate factors like comorbidities and ageing, which may have significant implications
for clinical translation. Future work will aim to investigate this in greater detail.

Importantly, our theoretical findings are already supported by experimental data in the
literature. The murine melanoma B16-F10 cell line is an established, rapidly metastasizing
variant of the parental B16 cell line (Hart and Fidler 1980). Recent studies (Shao et al.
2023) have shown that this cell line develops central necrosis and exhibits a higher tumour
temperature compared to surrounding tissue in a preclinical subcutaneous mouse model.
The authors reference earlier work suggesting that increased mitochondrial heat generation
occurs during apoptosis, a state preceding central necrosis. They also examined other
tumour cell lines that exhibit lower temperatures compared to body temperature, which
according to our model, might indicate a less aggressive tumour type or earlier stage where
entropy outflow still surpasses its generation.

Our results align with the conclusions of Stein et al. (2007), which highlight how
differences in tumour cell dispersion are influenced by the chemical factors produced by the
cells. This study, focused on Glioblastoma Multiforme tumour spheroids, considers four
parameters of brain cancer growth: undirected and directed movement, cell shedding rate
from the spheroid, and proliferation rate. Additionally, Nousi et al. (2021) demonstrated
that invasion involves the cooperative transport of groups of cells. In the presence of a
non-zero extracellular matrix concentration, the volume of an invading spheroid is larger
than that of a non-invading spheroid, indicating not only that they invade but also that they
remodel the surrounding matrix which presumably had constrained the emerging mass. We
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A1-8 GRISOLIA G. ET AL.

argue that enabling continued on-site proliferation such a rapidly growing mass would then
max out the host tissue’s carrying capacity even faster, in turn accelerating invasion and
remodelling, and so on - which together supports seeing the concept of ‘limited carrying
capacity’ as a key to understanding the dynamics of malignant progression and systemic
expansion.

Mark et al. (2020) demonstrated that the collective forces exerted by tumour spheroids
reflect the contractility of individual cells for up to one hour following seeding, with these
forces being influenced by mechanical feedback from the extracellular matrix over extended
timescales. These experimental findings underscore the active role of tumours as they
become increasingly competitive with normal cells, in stark contrast to their cooperative
behaviour observed during the initial stages of progression. Furthermore, Lucia (2013)
provides theoretical evidence for the existence of a maximum value - or threshold - of
volumetric growth, beyond which tumours invade other regions of the body, a conclusion
that is supported numerically through data from existing literature (Mark et al. 2020; Huang
et al. 2024).

We acknowledge that additional experimental data are essential to ascertain whether
the theoretical framework proposed here can be generalized beyond selected contexts and
may ultimately facilitate the differentiation of tumour types or stages based on metabolic
requirements and energetic constraints. Should these ideas be corroborated, they may present
significant opportunities for the development of novel therapeutic strategies against cancer,
including immunotherapy. For instance, as reported by Knapp et al. (2022), the efficacy
of oncolytic viruses is sensitive to temperature fluctuations. While tumour angiogenesis
appears to be a logical therapeutic target, the reduction in metabolite supply to the tumour
core due to anti-angiogenic treatments also results in decreased entropy outflow. Should the
decrease in entropy outflow occur prior to or at a greater rate than the reduction in metabolite
supply, such treatments could inadvertently facilitate tumour dissemination and recurrence.
And indeed, the clinical administration of the vascular endothelial growth factor (VEGF)
antibody, bevacizumab (Avastin®), has failed to demonstrate any significant improvement
in outcomes for patients with glioblastoma (Gramatzki et al. 2018). Additionally, tumour
evasion from bevacizumab has been partly attributed to the adaptation of recurrent glioma
cells to a more infiltrative phenotype, utilizing endothelial cells as structural conduits
(Falchetti et al. 2019).

A noteworthy theoretical byproduct of the identified non-linearity in entropy generation-
which exhibits a threshold function triggering the onset of spatial dissemination-is that
minor, therapeutically induced changes in entropy might exert considerable influence on the
control or mitigation of tumour aggression. Consequently, innovative practical approaches
such as tumour cooling may warrant consideration where and when feasible. This concept
could be effectively realized through the application of external fields, such as extremely
low-frequency electromagnetic or ultrasound fields, under resonant conditions (Lucia and
Grisolia 2020a,b, 2022).

Therefore, the results of this inquiry are of considerable interest from both a fundamental
biophysics perspective and a medical standpoint. If spatial cancer progression can be
analytically correlated with the crossing of a threshold of measurable temperature changes
in situ, such data could enhance the efficacy of diagnostic procedures and lead to the
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THE CONJECTURE OF CARRYING CAPACITY IN CANCER: . . . A1-9

formulation of innovative therapeutic regimens tailored to specific tumour types and patient
characteristics.
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