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Abstract

The surgical stress and inflammatory response and volatile anesthetic agents have been shown to promote tumor metastasis in
animal and in-vitro studies. Regional neuraxial anesthesia protects against these effects by decreasing the surgical stress and
inflammatory response and associated changes in immune function in animals. However, evidence of a similar effect in humans
remains equivocal due to the high variability and retrospective nature of clinical studies and difficulty in directly comparing regional
versus general anesthesia in humans. We propose a theoretical framework to address the question of regional anesthesia as
protective against metastasis.

This theoretical construct views the immune system, circulating tumor cells, micrometastases, and inflammatory mediators as
distinct populations in a highly connected system. In ecological theory, highly connected populations demonstrate more resilience
to local perturbations but are prone to system-wide shifts compared with their poorly connected counterparts. Neuraxial
anesthesia transforms the otherwise system-wide perturbations of the surgical stress and inflammatory response and volatile
anesthesia into a comparatively local perturbation to which the system is more resilient. We propose this framework for
experimental and mathematical models to help determine the impact of anesthetic choice on recurrence and metastasis and
create therapeutic strategies to improve cancer outcomes after surgery.
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Background and Significance of these 3 effects would theoretically reduce the probability
of metastasis and recurrence by decreasing the survival of
micrometastases, colonization of target organs, and local inva-
sion and intravasation. While shedding of circulating tumor
cells (CTCs) during surgery is likely not preventable, the abil-
ity of those CTCs to survive and create metastases appears to

Growing evidence suggests that the pathophysiological distur-
bances of surgery and anesthetic medications administered dur-
ing the perioperative period impact cancer recurrence and
metastasis.'” These system-wide disturbances impart their
influence at several key points in the metastatic cascade as
illustrated in Figure 1.>°® The perioperative timeframe, while
small in comparison to the full life cycle of a cancer, is a critical ' H. Lee Moffitt Cancer Center, Tampa, FL, USA
time period of pathophysiological disturbance.” Regional neur- 2 University of Texas Southwestern Medical Center, Dallas, TX, USA
axial anesthesia has a potentially protective effect that dampens .
this overall disturbance via reduction of the surgical stress Corresponding Author: i
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Steps of Metastatic Cascade

Surgical Effect

Effect of Volatile Anesthetic

1) Local invasion and intravasation

Inflammatory-induced increase in MMP
activity enhancing breakdown of ECM

Increased concentration of MMPs

2) Dissemination in the circulation

3) Arrest at the distant site

4) Extravasation

5) Survival as micrometastasis

Release of CTCs through lymphatic system

Decreased concentration of NK cells and NK
cytotoxicity, increased Treg activity via HPA
activation (elevated cortisol, catecholamines)

_

Decreased concentration of NK cells and
NK cytotoxicity

6) Colonization of target organs

Inflammatory-induced elevationin II-6, COX-2,
MMP, and NF-kB activity; promotion of
angiogenesis via upregulation of HIF-1a and
VEGF

Increased concentration of MMPs;
promotion of angiogenesis via
upregulation of HIF-1a and VEGF

Figure . Surgery, volatile anesthesia, and the metastatic cascade. Published literature suggests that surgery and volatile anesthesia contribute to
various stages of the metastatic cascade in similar and mostly overlapping ways. Effects of volatile anesthesia may amplify those of surgery itself,
leading to increased rates of metastasis and recurrence. MMP, matrix metalloproteinase; ECM, extracellular matrix; CTC, circulating tumor cell;
NK, natural killer; Treg, regulatory T cells; HPA, hypothalamic pituitary adrenal axis; 1I-6, interleukin 6; COX-2, cyclooxygenase-2; NF-kB,
nuclear factor kappa B; HIF, hypoxia inducible factor; VEGF, vascular endothelial growth factor.

be decreased by regional neuraxial anesthesia based on these
known mechanisms. However, human clinical data has not
provided clear evidence of a benefit of regional anesthesia in
improving cancer survival and outcomes. '

Animal studies demonstrate protective effects of regional
versus general anesthesia and of certain medications discussed
below.®? While selected human studies also suggest protective
effects of regional anesthesia, meta-analyses in humans remain
equivocal."*'%!* This is likely because most human studies
are retrospective, with uncontrolled variability in administered
anesthesia medications, recovery protocols, pain control mod-
alities, and postoperative medication administration. Variabil-
ity in the length of patient follow-up among these studies may
also contribute to the ambiguity of their findings. In those
studies that demonstrate effects of anesthetic choice on cancer
recurrence and metastases, regional anesthesia inhibits,
whereas general anesthesia with inhaled agents promotes
metastases and recurrence.'"'*'*!> A recent nationwide retro-
spective study of 196,303 eligible patients found no difference
in overall or recurrence-free survival when comparing inhaled
volatile anesthesia versus propofol-based total intravenous
anesthesia for digestive cancer surgery.'® And a randomized
controlled trial by Hovaguimian and colleagues found no dif-
ference in the amount of circulating tumor cell counts over
72 hours after primary breast cancer surgery under inhaled
volatile (sevoflurane) versus propofol-based total intravenous
anesthesia.!’ Previous retrospective human studies have shown
differing results with some indicating a benefit of propofol-
based total intravenous anesthesia versus inhaled volatile

anesthesia in cancer surgery, versus others which found no such
benefit.'®?° Independent of anesthetic choice, the stress
response and inflammation secondary to surgical stimulation
appears to increase the likelihood of metastasis and recurrence,
which may explain the protective effect of regional anesthe-
sia”303! (Figure 1). Opioids appear to be detrimental based on
in-vitro and animal studies as a result of decreased NK-cell
activity and promotion of angiogenesis by VEGF upregula-
tion.! This effect may be partially negated at very large doses
that decrease the stress response to pain.'*> COX inhibitors
demonstrate a protective effect in both animal and human stud-
ies as COX-2 is upregulated in many cancer types and PGE2
promotes cancer progression.! Amide local anesthetics, which
are commonly used in regional anesthesia, also appear to have
a protective effect via the Src-tyrosine kinase signaling path-
way, reversal of DNA hypermethylation, and direct effects on
voltage gated Na+ channels in cancer cells." While several
preclinical studies showed evidence of protection against
recurrence and metastasis, overall evidence on perioperative
beta blockade remains equivocal. >

A typical adult surgical patient undergoing colon resection
demonstrates the complexity of this research in humans. This
patient will likely have either general anesthesia alone or gen-
eral anesthesia coupled with regional anesthesia such as an
epidural. These options necessarily confound a comparison of
the effects of general versus regional anesthesia on recurrence
or metastasis, which requires a juxtaposition of general
anesthesia versus regional anesthesia alone. Further complica-
tions are introduced because the degree of surgical stimulation
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and stress response will vary with the surgeon, the surgical
approach (open versus laparoscopic or robotic), and the size
and type of incision. There is also evidence that surgical skill
level and overall case volume can impact oncological out-
comes in cancer surgery.>*>° The amount and type of opioids,
COX inhibitors, local anesthetics, and beta blockade required,
if these agents are used at all, will also vary among patients. If
used, the amount of inhaled volatile agent required will also
differ by patient and is impacted by the use of regional anesthe-
sia, opioids, neuromuscular blockade, neoadjuvant non-opioid
pain medications, and patient-specific factors. Furthermore,
there is heterogeneity in patient tumor characteristics and co-
morbidities. In contrast, experimental parameters like surgical
incision, type of anesthesia, surgical population, tumor type,
and elimination of confounding medications are highly con-
trolled in animal models. Therefore, while animal and in-
vitro studies provide clear results regarding effects of general
and regional anesthesia on cancer recurrence and metastasis,
data for humans are difficult to interpret.

Several large, randomized controlled studies underway for
humans are of great interest and relevance to the intersection of
anesthesia and cancer progression. A recently completed study
by Sessler and colleagues reported no difference in recurrence
of breast cancer in patients undergoing regional anesthesia
(paravertebral block with propofol) versus general anesthesia
(inhaled anesthesia with opioids) for primary breast cancer
resection.>” The authors noted that additional studies of
patients undergoing surgeries that stimulate more pain and a
larger stress response than is typical of breast surgery are
needed.

The Theoretical Framework

Based on available data, we hypothesize that regional anesthe-
sia protects against cancer recurrence and metastasis when
surgical stimulation is large enough to exceed an as-yet unde-
fined threshold. We propose a theoretical framework to explain
this phenomenon by crossing disciplines with ecology, evolu-
tionary biology, and mathematical modeling. Evolutionary
therapy for treatment of cancer is a newly evolving field.**~°
Through collaboration with evolutionary biologists, ecologists,
and mathematicians, new theoretical frameworks view cancers
cells as distinct, evolving populations in a shared ecosystem.**
From initial theoretical work combined with mathematical
modeling, cancer researchers developed adaptive therapy,
which has increased survival in metastatic prostate cancer.'®!”

Using a similar interdisciplinary approach, we develop a
conceptual framework to explain the hypothesized effect of
regional anesthesia on cancer recurrence and metastasis. We
hypothesize that surgical resection of a tumor triggers cancer
dissemination by shedding of tumor cells, enhancement of
motility, invasion, and proliferation from proinflammatory fac-
tors, disruption of immunosurveillance, and alteration of the
equilibrium that exists between the immune system and
CTCs.*' This disruption results from either induction or disin-
hibition of seeded CTCs, effectively “releasing” them by

enabling their metastatic potential. The immune system is com-
promised by general volatile anesthesia in addition to the sur-
gical stress response (Figure 1). We propose that regional
anesthesia prevents immune dampening by decreasing the sur-
gical stress response and the general volatile anesthetic require-
ment, and CTCs are therefore less likely to metastasize owing
to a functional immune response. Further, regional anesthesia
diminishes the proinflammatory response reducing the prob-
ability of successful colonization of micrometastases.

A relevant and analogous ecological theoretical construct
that may explain this process is that of local and system-wide
adaptation as influenced by population connectivity.** The
core of this theory is the idea that highly connected systems
respond to perturbation differently from poorly connected or
fragmented systems. Highly connected systems tend to be more
resilient to local perturbation in comparison to poorly con-
nected ones. Poorly connected systems, on the other hand, are
less prone to sudden, system-wide shifts but more susceptible
to local perturbation. Thus, there is a tradeoff between local and
system-wide resilience. In biology, this theory explains why
poorly connected, fragmented populations can be devastated
by local environmental changes, while more highly connected
populations are more resilient (e.g. birds that can fly between
islands compared with a terrestrial mammal that cannot easily
disperse across water).

We suggest that within the human body CTCs, micrometas-
tases, inflammatory mediators, and the immune system repre-
sent a dynamic and highly connected system. Most patients
with solid tumors have circulating tumor cells and, as high-
lighted previously, surgical resection of primary tumor releases
CTCs, inhibits proper immune function, and enhances proin-
flammatory factors. The complex interactions between the
immune system and cancer are well-documented as intricately
connected, involving innate and adaptive immunity, in a pro-
cess known as “immunoediting.”*”*> General anesthesia and
the proinflammatory and stress responses to surgery represent
sudden, system-wide perturbations. The addition of regional
anesthesia dampens these stress and proinflammatory
responses, which makes the surgical incision and manipulation
a comparatively local perturbation. This results in more resi-
lience in this highly connected system in the form of increased
immune protection and decreased inflammation leading to
overall decreased metastatic potential of CTCs and microme-
tastases and a lower likelihood of tumor recurrence and metas-
tasis (Figure 2). Additionally, regional anesthesia decreases
and, in some instances, obviates the need for general anesthesia
which effectively dampens the system-wide perturbation and
associated effects of inhaled general anesthesia with volatile
agents (Figure 2).

In addition to population connectivity dynamics, our theory
will also incorporate the predator-prey dynamic that exists in
which key immune effector cells are “predators” and CTCs,
disseminated tumor cells, and micrometastases are “prey.”**
Further, the Allee effect will be considered which is an evolu-
tionary phenomenon in which mean individual fitness
decreases as population sizes dwindle to low enough
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Figure 2. Anesthetic techniques and tumor immunosurveillance. A. Homeostasis exists between a primary tumor and circulating tumor cells.
The systemic inflammatory response by surgical resection of the tumor, and concurrent general anesthesia, dampens the immune system’s
surveillance of these cells. B. When regional anesthesia modalities are employed and decreased general anesthesia is required, immune function
is more well-preserved and the circulating tumor cells are less likely to metastasize. TME = tumor microenvironment.

thresholds, which eventually contributes to background extinc-
tions.** In our case, the populations are cancer cells within the
primary tumor, CTCs, and micrometastases and the immune-
conserving effect of regional anesthesia may serve to promote
the Allee effect and associated background extinctions.*’

Application of Mathematical Modeling
Within the Theoretical Framework

Mathematical models of biological systems can be designed to
create useful frameworks for investigating system perturba-
tions. These models can be used to determine the impact of a
specific insult or pathway on the overall functioning of the
system. Furthermore, the functioning of small subsystems can
be investigated to determine their relevance within a larger
system. These unique features of mathematical modeling make
it an ideal modality to study the effect of regional anesthesia on
the body’s proinflammatory and stress response to surgery.
Mathematical modeling is particularly well-suited for the study
of regional anesthesia and cancer recurrence and metastasis,
because of its ability to model many small components of a
complex system and estimate an overall cumulative effect of
various interventions, effectively filtering through the hetero-
geneity seen so far in clinical human studies.*®

When modeling these responses to surgery and their impact
on metastatic potential, the dynamic processes of cellular beha-
vior need to be considered. This time dependent behavior is
best captured with differential equations. There is precedent for
mathematical models which demonstrate the body’s response
to stress and the metastatic potential after surgery.*” There have
been recent breakthroughs in mathematically modeling the
interconnectivity between the immune system, primary tumors,
and distant metastases during treatment.*® Not only has this
modeling been applied to and validated in an animal model,
it has been used retrospectively to evaluate clinical data in
humans and suggests that altering the sequence of radiotherapy
with respect to surgical cancer resection can improve outcomes
by harnessing the power of antitumor immunity.*’ We suggest

that it is possible to create models similarly to help determine
the impact of regional anesthesia on metastatic potential via its
effects on the immune system. We also aim to use such models
to estimate a threshold of surgical stimulation at which the
addition of regional anesthesia will result in a significant
decrease in metastatic potential. As Sessler and colleagues sug-
gested, there may be a requisite level of surgical stimulation
necessary before the addition of regional anesthesia results in a
statistically and clinically significant reduction in metastatic
potential.*” Further, if the threshold is found to be too high to
achieve significance with regional anesthesia alone, then other
perioperative interventions may be necessary additions for a
beneficial cumulative effect. There is currently data lacking on
potential synergies of perioperative interventions implemented
with the intent of harnessing immunologic protection for
improved cancer outcomes.

The body’s inflammatory response to infection and trauma
has been modeled repeatedly using both agent-based and dif-
ferential equation-based mathematical models.”® Translational
systems biology applies the use of dynamic mathematical mod-
els to study the effect of inflammatory mediators on tissue
remodeling and immunosuppression.”' Iwata and colleagues
proposed an initial formalism which described tumor colony
growth and metastasis using the Gompertz function.’> Ben-
zekry and colleagues went further, using the mathematical
principles of dissemination and proliferation, and derived a
nonlinear, quantitative model to relate presurgical primary
tumor growth to postsurgical metastatic potential.*’

We envision building upon these earlier works to create
mathematical models that are mindful of the evolutionary
and ecological framework of evolving tumor populations and
metastases and the known impact of anesthetic agents and
regional anesthesia on immune function as it relates to cancer
immunosurveillance. These models can be tested by applying
them to animal models of metastases, which will pave the way
for subsequent application in humans in a similar manner as
was done by Lopez Alfonso and colleagues.*” Initially, model-
ing will focus on areas that can be measured quantitatively but
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may later incorporate human factors, such as surgeon and
anesthesiologist skill level, which may affect outcomes. An
iterative process of measurement, calibration, and validation
will be employed before any applications in the human clinical
setting. We plan to create these models to evaluate prospective,
therapeutic anesthetic and surgical strategies intended to
decrease the likelihood of recurrence and metastases and inves-
tigate the potential role for immune stimulating therapies for
patients undergoing cancer surgery.
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