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This book is an independent scientific and educational work focused on the physical and
engineering principles of aerosol chemotherapy. All critigue of methods, technologies, or
experiments is based solely on physical laws, available data, and generallgegmted engineering
principles. The text has no commercial purpose, does not promote any products or companies,
and does not mention any specific competitors. The author is active in aerosol technology
research; however, this fact has not influenced the obgtivity of the scientific content. The
purpose of the book is to support scientific clarity, patient safety, and methodological accuracy in
the field of PIPAC/PITAC, not to disadvantage or harm anyone.



Preface

The development of technologies for pressurized aerosol applications in the peritoneal and
pleural cavities has, in recent years, generated significant opportunities but also fundamental
methodological and interpretative challenges. Following the end of thmonopoly held by a single
global manufacturer, numerous studies have emerged aiming to evaluate new atomizers and
technical variations of the PIPAC and PITAC procedures. However, many of these works have
been produced outside the framework of proper cliical, technical, and ethical practice,
frequently disregarding essential principles of fluid mechanics, spragystem engineering, and

aerosol physics.

A particularly concerning trend is the increase in experiments employing methodologies that lack
validity » whether through inappropriate animal models, amateurgrade measurement tools, or
interpretations of data that are not transferrable to the actual envbnment of the human cavity.
Publications have appeared, for example, based on particle measurements using holgiogde
lasers or on experiments conducted under anatomically and physically inadequate conditions.
Such studies are often authored by individual with established professional authority, which
may create an impression of credibility among less experienced readers, despite the fact that the

criteria for scientific validity are not truly met.
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without critical evaluation, gradually creating an illusion of consensus. This dynamic then
influences clinical decisionmaking, commercial marketing, and techaological development. A
precedent is thus established in which wetintentioned efforts by clinicians to choose the optimal
device may, in reality, lead to the adoption of an instrument whose physical behavior in the real
environment is neither sufficiently understood nor properly documented. Ultimately, it is the

patient who is harmed> the patient who expects safe and scientifically substantiated treatment.

The purpose of this work is therefore to provide a robust, scientifically validated, and clinically
oriented framework for understanding aerosol dynamics in the context of pressurized

intraperitoneal aerosolized chemotherapy. It focuses on the physical miciples governing
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atomizers, on the key differences between laboratory models and the actual capnoperitoneum,
and on the interpretation of phenomena that directlyaffect safety, efficacy, and clinical practice.
The ambition of this publication is to contribute to the unification of terminology and physical

understanding within the PIPAC and PITAC domains, to highlight the limitations of current
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experimental approaches, and to offer readers a compass for navigating the complex landscape
of aerosolbased applications. The approach presented here is grounded in modern fluid
mechanics, validated CFD models, and human dataot in simplified or non-representative

models.

Understanding the fundamental physical phenomena is a prerequisite for ensuring that the
development of PIPAC/PITAC systems proceeds responsibly, safely, and in accordance with
contemporary scientific knowledge and ethical standards. This publication thefere offers a
return to the fundamentum? to the physics that determines the true behavior of aerosols in the
peritoneal and pleural cavitie® while also equipping readers with tools for critically evaluating
experimental data and commercial claims. PIPAC @nalyzed in detail, as it possesses the most
extensive clinical and physical evidence. PITAC is discussed by analogy where relevant data exist;

where they do not, space is deliberately left for future research.
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BasicConcepts

“The path to
complexity leads
through well-
understood
simplicity.”
Radim Skala

This chapter introduces the fundamental terminology and physical concepts
essential for understanding aerosol dynamics in the pressurized therapeutic
methods PIPAC and PITAC. The individual terms are defined in a way that enables
the reader to correctly trrpret the later chapters devoted to trajectories,
deposition, turbulent flow, and atomizer design.




Fundamentals of Aerosol Chemotherapy Physics

Chapter Introduction
PIPAC and PITAC represent modern forms of intraperitoneal and intrathoracic anticancer

therapy that utilize aerosolized microdroplets delivered into a closed anatomical cavity. Although

these methods are now well established in clinical practice, their éffacy and safety are governed

AU PEUOEAOq #/F &£l 1 x AUl Ai EAOh AOiI pi AO OEUAnN
Clinical outcomes therefore cannot be interpreted correctly without understanding at least the
fundamental physical principles of aerosols. This chapter serves as an educational bridge
between basic terminology and the more advanced sections on PIPAC, Gibmizers, hotspots,

and shadow zones. It provides readers with a solid foundation that makes the more complex parts

of the book accessible and intuitive.

Learning Objectives z What You Will Learn in This Chapter

After reading this chapter, the reader will be able to:
1 explain what determines the behavior of aerosol droplets,
f understand the difference between a hollow cone and a vortex nozzle,
1 describe how hotspots and shadow zones arise,
71 understand why droplet size is a key factor,

1 navigate fundamental physical quantities (Stokes number, Weber number, Sauter mean

diameter),

TTU
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1 interpret experimental and CFD results throughout the rest of the book.

1. Why Physics Is the Key to Successful Aerosol Chemotherapy

o)o!'# AT A 0)4!# AOA 1T EOAT AROGAOEAAA AO OlI APAOI OF

standpoint they areaerosol dynamics systems :
1 # /| Ethe transport medium that carries energy, vortices, and pressure gradients

§ drug droplets = particles with different mass, inertia, and surface tension

10



Treatment outcome is the result of;

il

il

il

For this reason, physics does not simply determinieow the nozzle sprays it directly influences

how droplets move within the flow,
how they interact with vortices,
where they impact,

how many of them deposit,

how long they remain airborne,

whether regions of excessive deposition (hotspot) or insufficient deposition (shadow

zone) develop.

the clinical result .

2. Droplet Size z A Fundamental Parameter

Droplet size determines:

il

il

il

==

=

sedimentation rate,

degree of drift,

inertia,

sensitivity to turbulent fluctuations,

final deposition pattern.

2.1 How Different Droplets Behave

Droplet Size Behavior Consequence
r ¢m t A& 1171 x drift, may stagnate in vortices
B o1 t optimal balance uniform deposition

€

v T { high inertia Ei PAAO AO A OEI
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Physics Box z Stokes Number
The Stokes number (Stk) ET AEAAOAO xEAOEAO A AOI P11 AO AAT 00060
1 Stk<10 AOI PI AO A 1117 x0 OEA OOOCAAIITETA

9 Stk>10 AOT b1 AO Ai 1 OET OAO OOOAECE © ET OODPI O A&
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The capnoperitoneum consists of:

1 jetflow produced by the nozzle,

1 acentral recirculation vortex ,

1 slow peripheral flow |,

§ turbulent fluctuations
These structures determine:

1 where droplets can deposit,

1 where they accumulate,

1 where they stagnate.

4. Hollow Cone vs. Vortex Nozzle z Key Understanding
4.1 Vortex Nozzle (Swirl Nozzle)

1 produces a highenergy axial jet,

1 deposition is concentrated at the center,

1 results in ahotspot .
4.2 Hollow Cone

1 generates a ringshaped droplet pattern,

1 deposition is more uniform,

1 hotspot formation is minimized,

12



91 diffusion later fills the center.

Physics Box z Why Hollow Cone Reduces Hotspots

Droplets land in aring , not in a single point.
Diffusion, turbulence, and capillary spread then smooth the pattern into a homogeneous circle.

5. Hotspots and Shadow Zones z Why They Occur
5.1 Hotspot
A region of excessive deposition caused by:
1 large droplets,
f solid-stream behavior of the nozzle,
1 high axial kinetic energy,
{1 impactinto a single location.
5.2 Shadow Zone
A region of insufficient deposition resulting from:
1 recirculating vortices,
1 inappropriate nozzle orientation,
1 anatomical obstacles,
1 poor droplet size distribution.

Shadow zones can be modeled (CFD) and visualized, bahnot be fully eliminated 2 they are

physically inevitable.

6. Demonstration Experiment z Marker Pen and Paper
This simple experiment can be performed anywhere:
Hotspot (vortex nozzle analogy)

1 Press the tip of a marker vertically onto the paper.

13
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Hollow cone

1 Gently trace a small circle with the marker.

T 1 OETC & OO0 o AZEOAO homodehedus depokithn COAABAT 1 U A&
This experiment vividly shows howtwo different nozzle designs lead totwo different

clinical outcomes .

7. How Droplets Travel Inside the Cavity
Droplets are influenced by:

1 gravity,

1 aerodynamic drag,

1 turbulent dispersion,

1 pressure gradients,

{1 vortices,

1 cavity walls.

Thus, even two droplets of thesame size may follow completely different trajectories

depending on the local turbulence level.

This is why CFD modeling is a key tool in this field.

Chapter Summary
7 1 AOi 011 AEAI T OEAOAPU EO A DPEUOEAAI AEOAEDI ET .

1 Droplet size is a critical parameter determining deposition.

1 Hollow cone nozzles reduce hotspots; vortex nozzles increase them.

1 Shadow zones are not accidental buthysical consequence of the flow field.
1 The marker-paper experiment is an intuitive demonstration of nozzle behavior.

1 Understanding basic physics is essential for reading advanced chapters of the book.

14



Review Questions
1. 7TEU Al AOT PI AGO r ¢m ti AOCEAZAO 11 OA OEAT um t |

2. What causes a hotspot and how can it be minimized?

3. Why does a hollow cone form a ring instead of a dot?

4. What is a shadow zone, and how does it arise?

5. What is the physical difference between a jet flow and a recirculation vortex?

6. What does the Stokes number represent and why is it important?

15



PITAC

PITAC (Pressurized IntraThoracic Aerosol Chemotherapy) is a form of locoregional oncological
treatment in which a cytotoxic agent is delivered into the pleural cavity as an aerosol under
controlled pressure, which is lower than in PIPAC.

Both methods share key technological and physical principles: they use the same types of
atomizers, operate with a polydisperse droplet spectrum, and rely on the same laws of aerosol
physics and fluid dynamics. It is precisely this similarity that justifis mentioning PITAC in this
work? not as a full subject of analysis, but as a related process that has much in common with
PIPAC and whose understanding helps place PIPAC into the broader context of intracavitary
aerosol therapy.

Despite their technological parallels, the physical environment in which the aerosol disperses
differs substantially between PIPAC and PITAC. The peritoneal cavity, where PIPAC is performed,
is large, anatomically complex, and statically intricate. It coatns numerous structures that break

up the airflow into narrow channels and localized turbulence, significantly influencing the
trajectories of aerosol particles. It is an environment in which complexity arises primarily from
the anatomy itself.

The pleural cavity, in which PITAC is performed, is spatially simpler. At first glance, it appears as
a homogeneous gap between two smooth surfaces, which might suggest that aerosol flow would
behave more laminarily and predictably. However, this impressiois fundamentally altered by a
factor that does not exist in the peritoneal cavity: the motion of the lung. The visceral pleura
continuously shifts during ventilation, rhythmically changing the volume of the cavity. The lung
thus acts as a moving dynamiwall that directly shapes the airflow, generates recurrent vortices,
alters flow velocity, and creates pressure gradients. During PITAC, the aerosol is repeatedly
drawn in and expelled, making the process fluidlynamically more dynamic in time rather than
space.

PITAC is therefore not a simpler version of PIPAC. Itis a method that shares the same foundational

principles of aerosolization and pressurization, yet its physical dynamics are governed
AEEEAOAT 61 U8 7EEI A 0)o!# OAHA®I B MO A ITE YO GRGhGA ME
ET A OOCEiIiPIA Oii1i xEOE A I1TOEITC xAl186 4EEO AT,
processes share much in common, each generates a distinct type of fluid behavior that must be
understood in its own context.

Given the scope of this work, it is important to emphasize that all numerical modelling,
simulations, and physical analyses presented here are carried out for PIPAC. PITAC is mentioned
because it operates within the same physical framework and shares maatomization principles,

but a detailed modelling of PITAC would require a dedicated treatment. Including both processes
within a single modelling framework would compromise the clarity and structure of the text and
reduce the readability of the physical coclusions.

For this reason, the extended SKALA Model graph serves only as an illustrative visual aid. It offers
the reader an initial orientation regarding the key differences between PIPAC and PITAC without
requiring prior understanding of all physical concepts. Thegraph does not represent a detailed
analysis of PITAC; it merely outlines the basic physical profile of both methods, while all terms
and parameters will be further elaborated primarily in the context of PIPAC. The topic of PITAC
is substantial in its ownright and is included here only to the extent necessary to complement the

16



broader perspective of intracavitary aerosol therapy, which PIPAC and PITAC together
encompass.

SKALA Model - Extended Comparison: PIPAC vs. PITAC
(Fluid-Dynamic and Aerosol-Physics Parameters)
Wall Dynamics

PIPAC
PITAC

Deposition Horhogeneity Cavify Volume

Collisional Instability

This graph serves solely as an illustrative visual aid, intended to give the reader an initial sense
of the fundamental differences between PIPAC and PITAC without requiring prior knowledge of
the physical concepts that will be explained in detail in theoflowing chapters. It functions as an
introductory orientation map that does not describe the underlying mechanics in depth, but
instead provides an overview of the main SKALA Model parameters that will later be analyzed in

detail? from turbulence and evapaation to the Stokes number and collisional instability.

The purpose of the graph is simply to visually prepare the reader for the fact that the two methods
have distinct physical profiles, whose precise definition and significance will be elaborated

further in the text.

17
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PIPAC

Pressurized Intraperitoneal Aerosol Chemotherapy (PIPAC) is a method of intraperitonea
chemotherapy in which the drug is administered into the peritoneal cavity as a highressure

aerosol under controlled capnoperitoneum conditions.

The procedure employs:

T #/ F ET1 O0O0&£&I AGET T O1 AOAAOGA Al 1 p&®AHEOA ODPAA,
1 a highpressure atomizer to generate aerosol droplets at an operating pressure of 190
330 psi,

1 and precisely defined parameters, temperatures, and drug dosages.

PIPAC is classified into:
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The advantage of PIPAC lies in its ability to distribute the drug as fine droplets over a large serosal

surface. However, the efficacy of the method critically depends on the physical properties of the

OPOAUh OEA OOOAODI AT O # thE drofiets with pertdnegal adafoy. ET OA OA A OF

PIPAC
THE BASIC TECHNICAL
SCHEME

3-WAY VALVE SETTINGS

LOSE! REEN-THENIM

FILLING FROM E

BAG TO EYRINGE . g
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Stéic PIPAC

Deiinition
A stationary (static) PIPAC is a method of intraperitoneal chemotherapy delivered in aerosol

£l O h ET xEEAE OEA AOI I EUAO j1AAOI EUAOQ EO EIT OOI
a laparoscopic procedure but remains fixed in a single position wiout active movement or
manipulation. After insertion, the surgeon and most of the operatingoom staff physically leave

the theatre, as the administration of the cytotoxic agent is initiated remotely from a protected

control room. The subsequent distribdion of the drug as an aerosol proceeds automatically

according to predefined settings.

Advantages of Static / Stationary PIPAC

Lower occupational risk for the surgeon and staff
Thanks to remote activation of drug delivery, surgeons are not exposed to cytotoxic aerosol.

Simple procedural technique
Only a single atomizer is introduced, and it does not require manipulation or repositioning during

the application.

N
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Relatively stable and reproducible procedure
The fixed position of the atomizer allows for a relatively standardized set of pressurized

aerosolization parameters and facilitates easier comparison of results.

Disadvantages of Static / Stationary PIPAC

The surgeon loses direct and immediate control over the patient
Because the surgeon must leave the operating room, it becomes impossible to:
1 respond immediately to an unexpected complication,
9 ET OAOOGAT A AOOET ¢ AT AAOOA AEATCA ET OEA PAOE

1 perform an urgent maneuver.

This represents both a clinical risk and a psychological burden, as the surgeon is physically

separated from the patient and cannot provide immediate protection.

Psychological discomfort for the surgeon
The necessity to step into an adjacent room during cytostatic administration may generate:
1 asense of loss of control,
9 stress arising from a situation that cannot be influenced in real time,
9 anxiety associated with monitoring the patient only remotely via cameras,
T PAOOI T AT OIET ACGAO EAE]I OOAMY EQDA E A @EGE A OB A ED
EAOA AAAT bDi OEOEIT T AA AEEAZAOAT Ol Ued
§ internal dilemmas such as:07 EAOA OEI O1 A ) AEih xEAT AEOAA
AOAOUxEAOAed

Fixed position of the atomizer
Because the atomizer is stationary, it cannot guarantee optimal aerosol distribution into all
anatomical recesses of the abdominal cavity. This may result in suboptimal coverage of:

1 omental recesses,

1 pelvic compartments,

9 subphrenic regions.
Limited possibilities for individualized treatment

A static applicator position does not allow targeted aerosolization toward specific lesions or

problematic areas in cases where the disease anatomy is complex or highly individualized.

21
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Dynamic PIPAC

Defintion

Dynamic PIPAC is a modernized method of intraperitoneal aerosol chemotherapy in which the
atomizer (nebulizer) is actively maneuvered within the abdominal cavity during application
using a trocar. This allows the surgeon to adjust its position, angle, addection of delivery in

real time, enabling more targeted aerosol distribution to specific regions of the peritoneum.

Unlike static (stationary) PIPAC, the surgeon does not leave the operating room. Instead, they
OAi AET AO OEA DAOEAT 660 OEAAR AT 1T OET O1T OO1I U I11TTE
process, and physically manipulate the atomizer throughout the eime application. The

procedure is performed under direct visual control via laparoscopy.

N



Advantages of Dynamic PIPAC

The surgeon maintains continuous control over the patient
1 remains present in the operating room,
T AAT OAAAO Eiil AAEAOCAT U O AEAT CAO ET OEA PAOE,
9 can intervene or convert the procedure if a complication arises.

AEEO OECGCI EZEAAT O U OAAOAARAO OEA OOOCAT 180 DOUAEITI

Targeted and flexible aerosol distribution
Thanks to the mobility of the atomizer, it is possible to:
91 cover anatomically complex regions,
9 focus on specific lesions or recesses,
T OAAOGAA OOEAAI x6 UITAO xEOE EI OOZEZEAEAT O A@DI (

Greater adaptability to diverse anatomical conditions
Suitable even for patients with:

9 adhesions,

i postoperative alterations,

9 atypical peritoneal topography.

Improved visual control of the process

The surgeon observes the aerosol in real time and can:
9 assess distribution,
9 adjust pressure, position, and direction,

1 optimize treatment efficacy.

Psychological advantage for the surgeon
4EAU OAT AET ET A OAZEA PI OEOEITT xEEI A OOEI T ££EOI AE

without leaving the operating room.

Targeted spraying as a higher deposition density on the tumor

When the surgeon directs the aerosol directly at a lesion, the impaction flux increases
(droplets strike more perpendicularly, improving deposition), the local drug concentration rises,
and aerosol dispersion outside the target area is reduced.

This is physically unequivocal and supported by aerosol science (Weber number, Stokes number).
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Dynamic PIPAC modifies the geometry of the spray cone

Static PIPAC is sensitive to exact eccentricity, cone diameter, spray angle, and position relative to
the serosa. Dynamic nozzle movement can compensate for limitations of static PIPAC or
suboptimally designed atomizers, thereby covering a larger volume without altering the physical

construction of the nozzle.

Disadvantages of Dynamic PIPAC

Higher technical demands and the need for experience

E AAOEOA [ ATEPOI AGEI 1T 1T &# OEA AOiI T EUAON
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Increased burden on staff and the need for protective measures

Because the surgeon remains physically present in the operating room, it is necessary to ensure:

E OT AOOO DPOi OAAOGEIT ACAET 0O AAOT Oi1 1 AAEACAN

E OPAAEAI EUAA &£EI OOAOEIT AT A OA1T OEI AOGETT OUOOAI ¢

Z A X 2z 0~ A
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I have considered the risks. | know what | am targeting, what | intend to affect,
and how to do it.
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ePIPAC

Definition ofePIPAC (electrostatic Pressurized Intraperitoneal Aerosol Chemotherapy)
It is a modified form of PIPAC in which aerosol droplets of the chemotherapeutic agent are

electrostatically charged during application. The charged particles are subsequently attracted to
the peritoneal surfaces, which is intended to enhance their depo&n, improve the uniformity of

distribution, and potentially increase tissue penetration of the drug.

During ePIPAC, the chemotherapeutic agent is aerosolized in the same manner as in standard
PIPAC. Simultaneously, however, an electrostatic generator (discharge unit) is used to impart an
electric charge to the droplets. This is necessary because, in conttenal PIPAC, the particles are

extremely fine and do not possess sufficient momentum.

The peritoneal wall acts as the counteelectrode (a grounded surface). The charged droplets are

accelerated toward the tissue by electrostatic forces.

¢KS | SNRraz2f Ydzald 0S alF yOK2NBRE (2 GKS &adzNFI ¢
aerosol field, because fine and lightweight particles do not behave predictably
within it.
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regarding the advantages of larger droplets and the limitations of fine aerosols in standard PIPAC.

Fine aerosols in conventional PIPAC do not function entirely optimally; otherwise, the
development of electrostatic charging would most likely not have been necessary.

Larger droplets possess a physical advantagenamely higher momentun® which results in

more reliable deposition. They simply adhere better to the target surfaces.

Ao)yor# EO OEAOAEI OA A 11T OA Aili bl Ag OPAOAEhG A

shortcomings of fine aerosols, although it does not eliminate all of their disadvantages.

ePIPAC adds a depositienhancing effect for small particles, as practical
experience has demonstrated that they are not entirely suitable on their own.
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Advantages
Higher distribution homogeneity (fewer hotspots and shadow zones)

1 reduces the intensity of the primary jet stream,
9 stabilizes particle size,

1 suppresses extreme turbulence and stagnation,
1

creates a more stable aerosol field.

This results in:
9 fewer hotspots (areas of hyperexposure),
1 fewer shadow zones (areas of insufficient coverage),

9 more uniform deposition of the cytostatic agent on the peritoneum.

Disadvantages
1 higher financial cost,

1 the required presence of an additional active medical device,
1 the necessity for an expanded understanding of fluid dynamics that includes electrostatic

phenomena.

Atomizr

An atomizer is a sterile medical device that produces aerosolized droplets from a liquid drug

solution and constitutes the terminal component of the entire pressurized delivery system.
In the context of PIPAC, the atomizer is:

a high-pressure device operating in the range of 10¢B00 psi,

functioning on the principle of mechanical atomization,

designed to generate droplets within a defined size spectrum, S

optimized for the turbulent environment of the capnoperitoneum. /%
-

=
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Atomizers intended for PIPAC/PITAC consist of:

1 a connection interface (LUER.OCK),
1 the atomizer body,

i1 the nozzle.



The key parameters of an atomizer include:
droplet size, initial spray velocity, spraycone geometry, stability under varying pressure and

temperature conditions, and the quality and precision of manufacture.

In PIPAC/PITAC practice, atomizers are categorized into those producing:
T £ZET A AOiI DI AO OEUAO j Bom Al Qh
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It is a medical device that generates an aerosol.

Injector
The injector used for PIPAC is an active medical device designed for the controlled administration

of liquid cytostatic agents into the peritoneal or pleural cavity via an atomizer, and it constitutes

the initial component of the entire pressurized system.

It is engineered to generate a stable, precisely regulated overpressure and a constant flow rate

parameters essential for the effective formation of a therapeutic aerosol.

The primary functions of the injector are:
i to generate and maintain the high input pressure (typically 109330 psi) required for
proper aerosolization of the cytostatic agent through the atomizer,

1 to regulate the liquid flow with high precision (typically 0.5¢22 ml/s).

The injector does not necessarily have to be a-pighsure syringbased
system; it may also be a peristaltic pump or any other validated source of
pressure.

(+]
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Capnoperitoneum

Defnition

Capnoperitoneum is an artificially created state in which the peritoneal cavity (in PIPAC) or the

bl AOGOAI AAOGEOU j AT AT T¢I OO U ET 0)4!'#QqQ EO E£EI I AA
pressure, thereby establishing a stable, controlled, anchgsically homogeneous environment for

the application of the therapeutic aerosal

Capnoperitoneum is not a hermetically sealed space.

Description
Yyl OEA AI1OA@O T £ 0)o! #h AAPT 1T DAOEOI izfe@imHE O AOAA
thereby forming a pressurized space in which the aerosolized cytostatic agent can spread freely,

remain suspended, and deposit uniformly onto peritoneal surfees.

The increased intraabdominal pressure relative to atmospheric pressure enhances drug
penetration into tissues, prolongs the suspension time of aerosol particles, and promotes the
development of a highly homogeneous distribution.
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serves the same purpose: to stabilize the cavity, enable aerosol dispersion, improve the

deposition profile, and maintain controlled pressure conditions for cytostatic delivery.

Capnoperitoneum/capnopleurum therefore constitutes a fundamental physical and technical
prerequisite for the effectiveness of pressurized intracavitary aerosol chemotherapyit ensures
proper particle aerodynamics, uniform distribution, safe visualization of the cavity, and pressure

enhanced biological efficacy of the therapeutic agent.

It is a turbulent rather than a laboratorstaminart ¢ SY A NRBY YSy Gé¢ Ay 6KAOK
aerosol operates.

W
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SKALA Model: 3D CO: Inflow via Trocar 2 (Camera Port) at 15 mmHg

20

s

15 &
N

10 $\&

40

"""" iTAAT T &£ AAOATT AEIT
insufflation pressure of 15 mmHg according to the SKALA Model. The gas inlet point is located at
the camera trocar (Trocar 2), positioned in the upper right gadrant of the abdominal cavity (2D
Ei ACA AAI T xQs8 4EEO OOTI AAO &OT AGEIT O AO OEA AT OO

insufflator to create the working space within the abdominal cavity.

In the figure below, the flow is depicted as a set of vectors (arrows) radiating outward from the
trocar site and extending into all regions of the cavity. This gas flow pattern corresponds to the
Al ETEAAT AAEAOET O 1T £ EIT OOnasEhtd Oh deeper refitns of & AE  ET |
peritoneal cavity and subsequently spreads laterally in a more uniform manner. The distribution

of flow is influenced by the dimensions of the abdominal cavity, which in the model were set to

Tm p onm p c¢mn Al 8
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The model demonstrates that the most intense flow is present in the immediate vicinity of the

trocar, whereas flow energy decreases progressively with increasing distance from the entry

point. This has clinical significance for understanding pressure disBEAOOET T AT A BT OAT ¢
stagnation zones within specific regions of the abdominal cavity particularly in relation to the

effectiveness of laparoscopic procedures and overall patient safety.

SKALA Model: 2D Airflow in Capnoperitoneum at 15 mmHg (Top View)

30} ® Trocar 2 (Camera) - CO2 Entry
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below. The environment tends to carry the particles to the rightio the left (opposite the trocar
position), but always upward.

Insufflation is not introduced through a geometric center as in laboratory
settings. During PIPAC, the trocars are positioned laterally.
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Modeling

SKALA Model 3D: Kapnoperitoneum 15 mmHg - Passive Aerosol Drift
—— 50 pum particle
30 um particle
—-= 15 pm particle
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This three-dimensional graph depicts the SKALA model within a capnoperitoneum insufflated

with carbon dioxide to 15 mmHg, which corresponds to standard clinical conditions during PIPAC

application.
Yyl OEEO AT OEOITi AT Oh xEOE 11T AAl AEIATOEITO 1T £ 1
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solely under the influence of the gas flow, without any initial veloty of their own. Particles of 50
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reaching approximately five centimeters.
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affected by the turbulent components of the flow. In addition to heir vertical displacement

toward the upper cavity wall? reaching heights of around sixteen centimeters they also

undergo pronounced horizontal deviation of approximately two centimeters laterally and

anteriorly.

AEEO OEIi O1 AGETT A1l AAOI U EI 1 OOOOAOAO OEA AEEEAC
demonstrates that decreasing particle size leads to displacement outside the therapeutically

targeted region, particularly in environments with potential turbulenceor leakage.

The lighter and finer the particle, the more it deviates within the space, and the
greater the risk that it will escape beyond the capnoperitoneum.

SKALA Model 3D: Kapnoperitoneum 15 mmHg - Lateral Aerosol Ejection at 8 m/s

—— 50 pm particle
30 pum particle
—-= 15 um particle
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projected from the lateral side of the abdominal cavity under capnoperitoneal overpressure of 15

mmHg.

All particles were emitted horizontally across the cavity at a velocity of 8 m/s, simulating the real

aerosol exit speed when delivered from a laterally positioned trocar.

The point of origin is located on the left boundary of the cavity, at mitieight and mid-width. The
vt Al DPAOOEAI AO OOAOGAT A1 i10606 ET A OOOAECEO OOA
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demonstrating the influence of turbulent flow.

4EA COAAOAOGO AAOGEAOQGEIT EO T AOGAOOGAA ET OEA puv Ai
instability and progressively deflect upward and laterally. All three trajectories terminate at the
right side of the cavity, where particles can theoreticallyleposit on the peritoneum or continue

in a vortical motion depending on the physical conditions within the environment.

The stop points at the ends of the trajectories indicate the moment of contact with the abdominal
wall. This model clearly demonstrates the critical influence of particle size and the initial injection
vector on predicting peritoneal surface coverage andrdg distribution during PIPAC or PITAC

delivered from a lateral port.

During horizontal particle projection across the abdominal cavity, the following deviations were
observed:
T 4EA on Al DAOOEAI Axispbk @&ck @il Aertitally @ZAx@)by 0.6emj 9
T 4EA pu Ai DPAOOCEAI A AQGEEAEOAA A 1 AOGAOAT AAOGEA
1.2 cm.
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deviation.
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We will demonstrate this statement once more, this time using the Stokes equation and the
subsequent calculations in the computational section.
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Insufflation

YT OO0&Z£1I ACGETT EO OEA DPOI AAOGO 1T &# A1 00111 AA ET OOT .
create a stable pressurized environment that enables effective distribution and biological efficacy

of aerosol chemotherapy in PIPAC and PITAC procedures.

In the context of PIPAC and PITAC, insufflation represents a fundamental technical and
physiological element without which these innovative forms of locoregional chemotherapy could
not be performed. Its purpose is not only to create a working space for itlament insertion but,
more importantly, to establish a controlled, homogeneous pressure environment that is essential

for the effective distribution and biological performance of the cytostatic aerosol.

Yyl o0)o!#h AAOATT AEIQGEAA j#/ FQ EO El OO&& AOAA E
walls to expand. The pressure is typically maintained at approximately ¥A5 mmHg, and the gas
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aerosol dispersion but also ensures its uniform deposition onto peritoneal surfaces, including
hard-to-reach locations such as the subphrenic regions and pelvic recesses. The pressure must

be carefully controlled, as even sl deviations may affect aerosol flow or cause intr@bdominal

hypertension, potentially leading to hemodynamic changes and postoperative discomfort.

In PITAC application of aerosol chemotherapy into the pleural cavity the insufflation
parameters are adapted to the specific anatomy and the lower pressure tolerance of the pleural
space. Although lower pressures are used, the underlying principles remaithe same:
establishing a stable environment that supports aerosol distribution and deposition. From the
standpoint of aerosol physics, insufflation is essential for generating a sufficiently structured
aerosol with high deposition and tissuepenetration capability, achieved through the convective

transport mechanism created by applied pressure.

Beyond its mechanical function, insufflation also has a significant impact on the biological
effectiveness of the drug. Studies indicate that the combination of pressure and aerosol can
increase transperitoneal penetration of cytostatic agents severdbld compared with

conventional intraperitoneal chemotherapy.

Furthermore, overpressure can to some extent influence tumor perfusion and the accessibility of
the tumor stroma to cytostatic agents. These aspects are currently the subject of extensive
research and represent key reasons why correct insufflation is onefahe most critical

components of the entire PIPAC/PITAC protocol.
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In clinical practice, insufflation is performed using an automatic insufflator that not only regulates
pressure but also records the gas volume delivered, the duration of insufflation, and any leakage,

thereby ensuring standardization and safety of the proedure.

It is also essential that no interaction occurs between the insufflation system and the

aerosolization system (e.g., no backflow of aerosol or uncontrolled leakage).

Overall, insufflation is more than a technical step; it is an active therapeutic component of the
process, influencing both the physical parameters of aerosol application and its biological

availability, homogeneity, and overall effect.

Turbulence

Turbulence in PIPAC/PITAC refers to the chaotic, vortical, and irregular flow of aerosolized
cytostatic agents within the peritoneal or pleural cavity that occurs after the drug exits the
atomizer. Unlike laminar flow, which is smooth and predictable, turblence produces complex

particle motion characterized by vortices, rotations, backflow, and random directional changes.
These turbulent structures are crucial for aerosol distribution quality because they determine

how deeply and uniformly the drug reachewarious organ surfaces.

In the PIPAC/PITAC environment, turbulence arises naturally from the combination of several
factors, including the velocity and kinetic energy of the nozzle jet, pressure differentials, cavity
geometry, the presence of organs and adipose structures, tempduire gradients, and changes in
flow resistance caused by recesses, pockets, or adhesions. These conditions ensure that the
aerosol is not merely a conical jet but a complex thredimensional cloud with multiple layers of

flow dynamics.

Turbulence plays a fundamental role in the homogeneity of drug distribution. Appropriately
generated turbulence is desirable, as it promotes uniform particle dispersion and improves
coverage of anatomically challenging regions. However, excessive or impesly generated
turbulence can have the opposite effeet producing hotspots where particles accumulate in
excessive concentration, and, conversely, shadow zones where aerosol fails to reach. Suboptimal
turbulence is typical of poorly designed or oversized amizers, where an overly aggressive jet

disrupts stable distribution.
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Turbulence is therefore a defining physical phenomenon that determines whether PIPAC/PITAC
delivers a homogeneous, effective, and safe drug application. Proper turbulence is beneficial; too
little or too much can be detrimental. Consequently, the goal of adern atomizer design is to
achieve controlled, predictable, and clinically suitable turbulence that respects real anatomical

conditions.

SKALA Model - Turbulence Intensity with Hotspot and Shadow Zones
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The SKALA Modef Turbulence Intensity with Hotspot and Shadow Zormgrsiph illustrates how
aerosol turbulence intensity gradually changes with increasing distance from the nozzle during
PIPAC/PITAC application. The horizontal axis represents the distance from the atomizer in

centimeters, and the vertical axis shows the rative turbulence intensity.

The turbulence curve demonstrates a typical pattern in which the highest values occur in close
proximity to the nozzle? where the aerosol exits the atomizer with high kinetic energy and

then progressively decline as the jet expands and its energy dissipates

The graph highlights two critical regions: the Hotspot Zone and the Shadow Zone.
The Hotspot Zone, marked in red between £2 cm, represents the region immediately
downstream from the nozzle exit. This is where the strongest turbulence and highest local drug
deposition occur, making it the area with the greatest risk of hotspot formatiee locations where

tissue may be exposed to excessively high concentrations of cytostatic agents.
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At the opposite end of the graph is th&hadow Zone, shown in blue from approximately 7.5 cm
to the end of the plot. In this region, turbulence is markedly reduced. The low energy level of the
flow results in insufficient transport of aerosol particles, increasing the risk of inadequate
cytostatic deposition and the development of secalled shadow zoneg areas where the drug

does not reach in an effective quantity.

The graph therefore clearly demonstrates that optimal aerosol distribution is not determined
solely by total spray volume or cone angle, but critically depends on controlled turbulence at
different regions of the cavity. The SKALA Model vividly shows thalhe major challenge is not
only to maximize coverage but to avoid extremes excessive turbulence near the nozzle and
insufficient turbulence in peripheral regions. The result is a clearer understanding of how flow
physics directly influences the formation & hotspots and shadow zones, and thus the overall
efficacy of PIPAC/PITAC therapy.

The issue of hotspots and shadow zones will be discussed in detail in the chapters below.

Sauter Mean Diameter (SMD)

The Sauter Mean Diameter (SMD) in the context of PIPAC/PITAC describes the droplet size of
an aerosol weighted by surface area and volume, thereby determining the overall behavior of the
aerosol when interacting with peritoneal or pleural tissue. At first glance, it may appear that the
lower the SMD» and thus the finer the droplet® the better the distribution and coverage.
However, fine droplets also have significant disadvantages that must be considered in relation to

environmental physics, flow dynamics, and safety.

Fine droplets with very low SMD have a high surface area but extremely low mass, which leads to

several problems.

First, an overly fine aerosol tends to remain suspended for an excessively long period
phenomenon referred to agprolonged floating time This means that the droplets do not settle on
tissue as uniformly as expected, and a portion of the aerosol may recirculate within the cavity
without contributing meaningfully to effective deposition. Very fine droplet spectra may

paradoxically result inlower biological efficacy because actual contact exposure decreases.

Another disadvantage is that ultrafine droplets are far more sensitive to chaotic turbulence.
Rather than filling anatomical recesses more effectively, they may be carried by mieeddies,
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stagnate. The result is the formation ofnicro -shadow zones? areas with minimal deposition

that would otherwise receive improved coverage with medium SMD values.

From a safety standpoint, excessively fine droplets also pose a greater risk of aerosol leakage. A
finer aerosol penetrates more easily through microscopic system gaps and may increase
occupational exposure. In laboratory settings where multi-axis atomizeis generate extremely
low SMD» this problem may not manifest, but in clinical conditions, where insufflation, pressure,

and organ positioning dictate flow behavior, this disadvantage becomes significant.

Another complication is that excessively low SMD increases the risk of condensation outside the
target area, for example on the laparoscope, imaging equipment, or cooler instrument surfaces.

This can impair visual control during the procedure.

From a physical perspective, extremely fine droplets within the spectrum are often unstable. They
frequently undergo coalescence in turbulent regions. This creates a paradox: the finer the
droplets produced, the greater the probability that they will mergeinto larger droplets shortly

thereafter, producing undesirable local sedimentation patterns.

Definition:

The Sauter Mean Diameter (SMD) is a characteristic describing the average droplet size in an
aerosol based on the ratio of droplet volume to surface area. In the context of PIPAC/PITAC, it
expresses how fine or coarse the aerosol spectrum is. If the SMDias low, the aerosol may
behave unstably: droplets remain suspended for a long time, are highly sensitive to turbulent
vortices, have a greater risk of leakage compared with larger droplets, tend to condense on
instruments, and may paradoxically produceineven deposition due to coalescence or stagnation
in microscopic air pockets. A low SMD therefore does not necessarily improve distribution;

rather, it may lead to undesirable physical and safety effects.
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SKALA Model - Relationship between SMD and Deposition Quality
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Why the optimal SMD is specifically30 zut Al j 3+! , 1! -1 AAI Q
The optimalrangeof3qum Al AT AO 11 O AOEOA OAT AT i1 theee) O OAD

key factors converge:

1. The droplets are fine enough to remain suspended within the turbulent field

$01 P1 AOO AAT T x om Al AOA ET AAAA OAOU Oi All h AOGO
9 are extremely sensitive to micreturbulence,
9 O1 AGEOAOGAs ET OEA AAOEOU &£ O AGAAOOGEOAIT U 111
9 tend to escape into secalled deadspace pockets,
1 exhibit reduced effective deposition.

Dropletsofo m Al AT Are drdatlydhdavy enough not to float indefinitely, yet turbulence
is still sufficient to keep them airborne and circulating.

Theystill fly 2 but they also finally deposit where they are supposed to.

2. The droplets are large enough not to pose a leakage risk
Below20z¢ v AtHe risk increases dramatically for:

1 penetration through micro-leaks,

 condensation on cameras and instruments,

9 aerosol escape beyond the cavity.
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Inthe 30zt 1 Aahge, aerosol volatility is significantly reduced.

The droplets are morestable and safer.

3. The dropletsare nottoo large 2 OEAU Al 11 0 pOHA OARTI OOEINI EOQ
Aboveu 1t Ate physics begins to work against us:

1 droplets have high inertia,

9 they sediment too quickly,

1 they impactin concentrated clusters,

1

forming hotspots? areas of local tissue hypeexposure.

The region up tov 1 Adpresents the upper boundary at which sedimentation remains

controllable. Droplets deposituniformly, not explosively

Biological Rationale 30 zu m Al E / b O EHRh&racodybamk Orbfile)

Surface Contact

Droplets within this range provide an optimal surfaceto-volume ratio, ensuring effective contact

with the peritoneal or pleural surfaces.

Penetration into Micro -Surfaces
$01 P1 AOO AAT T x om Al 1T AU AREAOA T EEA A 1T EOOh OAC
$01 DI AOO AAT OA uvn Ai OAOOI A O1I1T OAPEAI U AT A OEAC
Droplets measuring30zu 11 Adve the highest likelihood of penetrating into:

9 subphrenic spaces,

1 omental folds,
9 pleural recesses,
1

paracolic gutters.

Pharmacological Effectiveness

Ideal exposure occurs when a droplet:
9 possesses sufficient mass to impact the surface,
9 does not fall immediately,

9 provides a large contact area.

This is precisely the30zo m Al EIl OAOOAI
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The SMD range 080zuv 1t Asloptimal because it produces droplets small enough for effective

dispersion, yet large enough to ensure stable, safe, and uniform depositionvithout

overturbulence and without the formation of hotspots.

Stokes Number
The Stokes number (Stk) is a dimensionless quantity that describes the extent to which a

particle in an aerosol is able to follow changes in the surrounding flow. It expresses the ratio

AAOxAAT OEA bDAOOE Alth tinieAhe pamiidleOnEddd to dDljist i vejocjty dG
change in fluid velocity AT A OEA AEAOAAOAOEOOEA A1 x OEIA jz A
Mathematically:

306

n

Physical meaning
StkL 1:
4EA PAOOGEAT A AITTOAT U A 111 x0 OEA Al 1Txn EO EO AAC

30E B pgq

The particle exhibits a balanced relationship between inertia and flow changes; it significantly

influences deposition.

Stkl 1:

The particle has high inertia and cannot follow changes in the flow; it impacts obstacles and

deposits inertially.
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In PIPAC/PITAC therapy, the Stokes number determines how easily aerosol dropletgglmt Al

AOA AAOOEAA AU OEA #/F AOI T OPEAOAR ET x ETIT CATA
pleural cavity, whether they remain suspended$tk < J or deposit inertially on serosal surfaces

(Stk > 13, and thus directly influences the deposition profile, depth of penetration, and cytostatic

efficacy.

The correct choice of droplet size, pressure, and turbulence within the cavity is therefore essential
in PIPAC/PITAC, as it optimizes the Stokes humber and thereby the biological effectiveness of the
therapy.

The Stokes number tells us how resistant a droplet is to turbg@t influences.

Weber Number

The Weber number (We) is a dimensionless quantity expressing the ratio between the inertial
forces acting on a liquid droplet and the surfaceéension forces that hold the droplet together. It
indicates whether a droplet will remain stable or break up into smaller droplets wheiinteracting
with a flow.
Mathematically:

"W 0

7A

1 " =liquid density

1 0= relative flow velocity or impact velocity
1 Q= characteristic droplet diameter
1

» = liquid surface tension

Physical meaning of the Weber number

We<10 OEA AOI bl AO -téagion 0r€eA domidate OO O EAAA

7A wop OEA AOiIBPI AO I Au AAZEI Oof AOO OOOAI T U OAI AEI
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The Weber number tells us how readily a droplet will break up into smaller
droplets within the capnoperitoneum.

Droplet Dynamics

Droplet dynamics is the set of physical processes that determine the formation, motion,
interaction, transformation, and disappearance of individual microdroplets of cytostatic agents
within the aerosol generated during PIPAC or PITAC. These processesudel in particular:
i fragmentation (breakup) of the liquid into microdroplets,
coalescence of droplets during flight (merging),

1

1 evaporation,
1 sedimentation (settling),
1

AAOT AUl AT EA OOAT OPT OO0 AU #/F Al Tx AT A AADPI OE

In the context of PIPAC/PITAC, droplet dynamics determines:

 the particle-size spectrum after highpressure aerosolization (v m Al Qh
their trajectories and suspension time within the capnoperitoneum/capnopleurum,
the uniformity of drug distribution inside the cavity,
impact velocity and deposition on peritoneal or pleural surfaces,

the depth of tissue penetration of deposited droplets,

=A =4 =4 =4 =4

the overall effectiveness and homogeneity of intracavitary chemotherapy.

Droplet dynamics therefore representsamuiDb EUOEAO AT I AET OEAO ET OACOAOD
nozzle characteristics, pressure conditions, and the physicochemical properties of the drug into

a single outcome the therapeutically effective aerosol.
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Droplet dynamics tells us whether a droplet will shrink, grow, settle, or completely
evaporate during its residence within the capnoperitoneum.

COALESCENCE FRAGMENTATION VAPORIZATION

Coalescence of Droplets

Small droplets can merge into larger ones. Light, small droplets (<¢t@ 1 Al Q@ BT OOAOO A
surface charge and frequently collide with other droplets within the aerosol plume. In the
capnoperitoneum, where humidity is close to 100%, they readily absorb wat from the

environment and increase in size. This phenomenon is practically absent in laboratory settings,

where the air is drier and cooler.

In PIPAC/PITAC, coalescence is most pronounced at two locations:
9 at the beginning of the aerosol cone , and

9 atthe end, upon impact with tissue .

(0p))
(@
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capnoperitoneal environment.

The result is:

increased droplet mass,

1

i faster sedimentation,

9 altered ballistic behavior,
1

greater impaction on tissue.
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SKALA Model - Droplet Coalescence and Film Formation Over Time
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The curve shows that coalescence is most intense at the beginning, when the number of droplets

is high and collisions occur frequently.

As time progresses, the number of droplets decreases, resulting in fewer collisions, and
coalescence slows down. Finally, when the droplets reach the tissuand are no longer rotating

within a vortex? they merge again upon impact, forming a continuous film.
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At the beginning of the aerosol plume, the droplets are largest; during flight they
decrease in size, and upon impact they cluster again.

Fragmentation

Large droplets can break into smaller ones. After exiting the nozzle, droplets disintegrate into

smaller fragments due to motion and turbulent forces within the capnoperitoneum.

4AEEO T AAOOO xEAT OEA #/F AZ£11Tx OAITAEOU AGAAAAO !
a warm, humid thermal interface. This phenomenon is known asecondary atomization

This effect does not typically occur in a laboratory box, because the flow there is predominantly

laminar and insufficient to overcome the Webemumber threshold required for fragmentation.

o
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SKALA Model - Droplet Fragmentation Over Time
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The graph illustrates how the number of droplets and their average size change over time during
the fragmentation process. Initially, the system contains a small number of larger droplets. These
droplets subsequently break into smaller ones under the inflance of mechanical forces,

turbulence, or high pressure.

The orange curve shows that the number of droplets gradually increases, because each large
droplet can generate multiple smaller droplets. At the same time, the blue dashed curve
represents the decrease in average droplet size, since ongoing fragmentatiprogressively

produces a finer aerosol.

This process is characteristic of aerosolization in higlenergy systems such as PIPAC/PITAC,

where intense droplet breakup leads to the formation of a fine therapeutic aerosol.

Z1F L& 2 f1 02N @YNYRY 20 AT AA21&USA yoS Ot R2 dzON
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Sedimentation of Droplets

Sedimentation of droplets is one of the physical processes that fundamentallv infliiences aernsol
distribution, the uniformity of drug deposition, and the ther:
chemotherapy in the PIPAC (Pressurized Intraperitoneal Aerosol Ct
the process in which aerosol droplets under the influence of gravity.

the aerosol cloud toward the peritoneal surfaces.

11 LI
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and turbulence within the cavity. It influences drug distribution, the uniformity of surface
coverage, and the final therapeutic efficacy. It is one of the keyhysical mechanisms that
determine how effectively the aerosol truly performs in PIPAC. Sedimentation interacts with

other processes namely coalescence, evaporation, and fragmentation.

A fine droplet caught in a vortex may evaporate before it reaches the tissue.

SKALA Model - Sedimentation of Droplets of Different Sizes
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The graph illustrates how rapidly droplets of different sizes sediment over time. The horizontal
axis represents time, and the vertical axis represents the normalized droplet height. The faster a
droplet descends, the steeper its curve falls.

In other words, it illustrates the overall likelihood that a given particle will reach
the tissue surface despite the turbulent environment of the capnoperitoneum
based on its physical and structural characteristics.
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Evaporation of Droplets

I AOT i AO 1 AUbyevApbratiAp iRiAgiabsdrbed, or remaining in the gas phase.

This, however, doesiot apply to the cytostatic molecules themselves. In the warmer peritoneal

AT OEOTTT AT O jox J#qh Oi A1l AOTI PI AOO 1 AU DPAOOGEAI I
OEAU AOA OiI Al1 A0 OEAT xuy Aih xEEIT A OEA AEAI T OEAC

This effect is amplified by:
i a steep temperature gradient,
91 high environmental energy,

9 low surface tension in droplets containing chemotherapeutics.

Small and lightweight droplets can therefore readily cease to exist as liquid entities,

fundamentally altering their deposition behavior.

The result is either:
9 absence of therapeutic effect , or

1 arisk of aerosol inhalation after desufflation

This means that: the smaller the droplet, the greater its surfae®-volume ratio, and the faster it
evaporates from its surface. The molecules of the chemotherapeutic agent are narlatile and

remain suspended as dry, solid particles even after the drogtl has evaporated.

In contrast, larger droplets (such as those produced bWICRt 4 / 0) have a small surface
area relative to their volume and therefore evaporate more slowly. This is governed by the

surface-to-volume ratio .

We will illustrate this phenomenon using the $ élaw, which describes evaporation of
monodisperse droplets through individual calculation® presented in a later chapter to maintain
conceptual clarity.

O o0 O vo

The larger the droplet, the more slowly it evaporates from its surfacel even
when it does evaporate, the cytostatic agent remains.
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SKALA Model - Droplet Evaporation Over Time
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The graph illustrates how the diameter of a droplet decreases over time as a result of evaporation.
The vertical axis represents droplet size (in arbitrary units), and the horizontal axis represents
time. At the beginning, the droplet has its maximum dianter. As time progresses, the droplet

gradually evaporates, and its size continuously decreases.

The curve declines over time, indicating that:
91 the evaporation rate is highest at the beginning, when the droplet has a large surface area,
1 as the droplet decreases in volume and surface area, evaporation slows down,
1 in the later phase, the droplet approaches a very small size, but never reaches zero

linearly » the process gradually tapers off.

This behavior corresponds to the physical characteristics of droplets in an aerosol, where
temperature, humidity, and airflow influence the rate at which a droplet loses volume. In the
context of PIPAC/PITAC, evaporation is one of the three major processes together with

coalescence and fragmentatiors that determine the lifespan and effectiveness of aerosol

droplets inside the cavity, as well as the safety implications for the operating staff.

I RNRLX SO YSI&dz2NAY3a Hp xY OFy NBIFIRAf& (NI yaA
do so as well, but the process takes longer and is significantly less favorable under
the environmental conditions.
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During chemotherapeutic aerosolizationthe aqueous component of a microdroplet evaporates

ET 01 OEA #/F AOIi 1 OPEAOAh AAAAOOA xAOAO EO OI1 AOE
non-volatile cytostatic molecules, however, dmot AOADPT OAOA ET O1 #/ F AT A 1TAO
the gas. Instead, they remain as a concentrated residue which, after complete evaporation of

water, forms a small solid particle composed of the drug and dissolved salts.

This particle does not behave like a gas from a safety perspective, although it is not physically

Ei bl OOEAT A £ O EO 01 AA AT OOAET AA AU #/ F Ol OOEA/

Within the capnoperitoneum, the particle remains suspended until it eventually sediments onto
tissue, where» upon contact with moisture? it dissolves again and the drug begins to diffuse into
the peritoneum. Alternatively, during controlled desufflation, theparticle is captured by the

filtration system.

Evaporation of the water phase therefore doesot represent a direct exposure risk to the surgical

staff, because the cytostatic agent, even after the droplet has dried, remains in the form of a solid

s oA L o~ N o LA £ £ o o9 A N0  ~MN w2 g s M s a2 oA N
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Diffusion

Diffusion is a physical process in which molecules or particles spontaneously move from a region
of higher concentration to a region of lower concentration. This movement is driven by a
concentration gradient and occurs passively, without the input of exteal energy. Diffusion

continues until the concentration of the substance becomes uniform throughout the space.

Characteristics of diffusion

9 arises from random thermal motion of molecules (Brownian motion),

1 becomes faster with increasing temperature, decreasing molecular size, and decreasing

medium density,

T EO AAOAOEAAA AU &EAEGO0 |1 AxOh xEEAE AAZET A OE,
In the context of PIPAC/PITAC, diffusion of a droplet must be considered relative to two
factors:

T EOO AAEAOEI O ET #/ Fh

9 its behavior toward tissue.
A droplet in the gas phase is transporteanly mechanically AU OOOAOI AT O Al 1 xh xE
purely as a carrier medium with no ability to dissolve or distribute the drug via molecular
diffusion. When the aqueous component of the droplet evaporates, a small solid particle
composed of concentrated drug and salts remains. This patrticle likewise doest become part of
the gas and doesot OT AAOCT 111 AAOI AO AEAEAOOCEIT 1T ET #/ F8

CNRBY (KS adlyRLERAYG 2F RNRLI SO RAFTFdzZAAZY N
evaporatet while the nonvolatile molecules remain.
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SKALA Model - Final cytostatic core size after full water evaporation
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The graph illustrates the size of the solid cytostatic core that remains after complete evaporation

I £ xAOAO £OT T AAOI OT 1 AOT I AOO 1T OECETAIITU 1 AAO
concentrations. Although the cytostatic agent represents only a smdlaction of the droplet

volume (0.1%, 0.5%, or 1.0%), the final size of the residual particle is surprisingly substantial,

because the droplet diameter decreases according to a cubic dependence on volume.

Foracmm Al A cdmplétedw@ter evaporation yields a solid particle of approximatelg A |
at 0.1% concentration, around v A Bt 0.5%, and approximately 6zx A Bt 1%.
Foravm Al A @é eduldn@particle is even larger: abouv A8zw A&nd10zpp Al

respectively.

Thus, the graph demonstrates that even after a droplet dries completely, the cytostatic drug does
not disappear but forms a multimicron solid residue capable of sedimenting onto tissue,

rehydrating upon contact, and continuing to diffuse into the peritonal or pleural layers.

To date, research in the field of PIPAC and PITAC has focused almost exclusively on the aerosol

droplets as a liquid system specifically on the primary droplet size produced by higkpressure

TTUUl Abh OEAEO AAEAOEIT O EIT  [EthéiririphcCon #isste hThOEAE O
approach, however, leaves an important methodological gap: it evaluates only tlguid phase

of the aerosol and neglects the behavior of thdrug itself after evaporation of the aqueous

carrier.

A chemotherapy droplet is not a homogeneous entity. It consists of more than 99% water, while

OEA AUOi OOAOEA ACAT O AAAT 0100 A O i1T1U A OET U AC

elevated temperature, and intense turbulent flow, a significanproportion of small droplets may
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drug whose diameter according to cubic volume scaling typically ranges between3 and 11
A i . Particles in this size range have aerodynamic behavior fundamentally different from liquid

microdroplets.

This phenomenon is almost never observed in most experimental or clinical studies. Researchers
measure droplet distribution, not the distribution of the solid drug particles that arise after
evaporation. Consequently, interpretations of spatial coverage, deposition, and PIPAC efficacy are
often based on the assumption that droplets reach the tissue as liquid. Reality can be far mor
complex: a portion of droplets lands asolid micro -particles , which then rehydrate only upon
contacting the peritoneum, forming highly concentrated drug deposits with distinct diffusion

dynamics.

This mechanism may significantly influence the spatial distribution of the cytostatic agent, local
drug concentrations, and its penetration depth into tumor structures, yet remains virtually

unaddressed in current literature.

Therefore, aerosol measurements that do not quantify the solid drug core remaining after
evaporation are incomplete and may lead to substantial misinterpretation of PIPAC effectiveness
and biomechanics. The actual behavior of the cytostatic agent withindttavity cannot be inferred
solely from the size of the primary liquid droplet; it must also account for the fate of the drug

after evaporation of its aqueous phase .

The absence of this perspective represents a major methodological limitation in current research
and may be one of the factors contributing to the variable efficacy results of PIPAC observed in

clinical practice.

GLG Aa fA1S YSFadaNAy3d GKS RAYSyaizyasr ¢SAIKIDG
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Diffusion begins immediately upon droplet impact and continues as long as a concentration
gradient exists between the surface and deeper tissue layers. In PIPAC, this process is further
AT EAT AAA AU OEA CAT Ol A kA enAHY), hich eéhdnicatly ekparlsD A 00 0 O/

the peritoneum, opens intercellular spaces, and thereby improves drug penetration. The liquid or
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rehydrated phase on the tissue surface gradually loses water (see section above), but this does
not impede diffusion. On the contrary, the formation of a more concentrated surface film

maintains a high concentration gradient and promotes deeper cytostatic penetration.

As a result, diffusion is thegrimary mechanism by which the cytostatic drug enters tumor tissue,

and its effectiveness depends chiefly on the local concentration of the deposited drug and the

duration of contact with the tissue» not on aerosol aerodynamics or on the behavior of the

AOT Pl AO E ihe dituy énters thé tidslie, it does not return to the gas phase and does not

Ol AAOci AT U ZAOOOEAO OAUAIET con All OOAOANOAT O bB(

the biological environment.

Penetration
Penetration is the process by which a substance, droplet, or form of energy enters tissue from the
outside. It is the moment when the drug overcomes the surface barriersfor example, the

peritoneal or pleural mesothelium.

SKALA Model - Penetration Depth as a Function of Droplet Size
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The graph illustrates how the penetration depth of a cytostatic droplet within tissue changes as a
function of its diameter (5zv m Al Q8 4EA ET OEUIT T OAl AQGEO OADPOAOAI
vertical axis represents the modeled penetration depth (inelative units). The curve has a rising

but progressively decelerating profile.
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tissue.

CAO1Qa [ &
In the PIPAC/PITAC environment, the cytostatic agent enters the peritoneal or pleural tissue by

passive diffusion, which is accurately described b EAES§ O 1 A x

After an aerosol droplet or a solid residue impacts the tissue surface, a highly concentrated drug
deposit is formed, while the underlying tissue contains the cytostatic agent at zero or neaero

concentration.

This extreme concentration gradient between the surface and deeper layers is the primary

driving force of diffusion.

Accordingto& EAE & O ,&hE dffddive fludot the drug into the tissue is directly proportional
to the steepness of this gradient and to the diffusion coefficient, which reflects how readily drug
molecules can penetrate the mesothelium, extracellular matrix, and tumor structuse This means
that the higher the surface concentration produced by droplet deposition or rehydration of the

solid core, the faster the initial penetration of the cytostatic agent.

A larger droplet delivers a higher concentration of cytostatic agent to the tumor,
resulting in faster tissue penetration and producing a more pronounced
tumoricidal shock.
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Accordingto& EAE 8 O 3 AtAd cbnBentratfor within tissue gradually equalizes over space
and time. As the drug diffuses deeper into the tissue, the concentration gradient diminishes, and
the rate of transport correspondingly slows. Diffusion is therefore very rapid at the beginnig but
gradually stabilizes, with the final penetration depth depending on the properties of the tissue
(e.g., fibrosis, tumor density) and the physicochemical characteristics of the drug itself (molecular
size, lipophilicity, charge).

Penetration of the cytostatic agent into the tumor continues, but its intensity
diminishes over time.

In our setting, this process is further facilitated by the presence of pneumoperitoneum or
bl AOi 1 bl AOOAh xEAOA OEA Al AOGAOAA #/ F DPOAOOOOA
the intercellular spaces. This does not accelerate the diffusion of tideug molecules themselves,
but it improves the permeability of the tissue, thereby allowing the diffusion process to proceed

more efficiently.

As a result, Fickian diffusion is the primary and decisive mechanism of action in
PIPAC/PITAC8 4EA AAOI AUT AT EA AAEAOET 600 Wwh&etheQdrugi AOO
lands, whereas thalepthof therapeutic effect is governed exclusively by the subsequent diffusion

ET OT OEA OEOOOA AAAT OAETI ¢ Oi &EAEGO 1 AxO8

SKALA Model - Fickian Diffusion Profile
Based on 50 pm vs. 30 um Droplet Deposition
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The graph illustrates the difference in the diffusion profile of a cytostatic agent within tumor
OEOOOA AEOAO OEA EI PAAO 1T £ AOTI PI AOO xEOE AEAI AOA
contains, after evaporation of its water content, a substardily larger solid drug core, which

creates a higher local concentration on the tumor surface. This generates a steeper concentration
COAAEAT O AT Ah AAAT OAET ¢ O &EAEBO 1 Axh OAOGOI 60

agent into the tissue. INAT T OOAOOh OEA Oi Al 1 A0 AOI PI AO jon ¢

concentration and therefore a shallower gradient, leading to limited drug penetration.

The graph thus clearly shows that droplet size and particularly the size of the residual solid core
after evaporation? critically determines the depth and therapeutic effectiveness of tissue
penetration in PIPAC/PITAC.

Brownian Motion

Brownian motion is the chaotic, irregular, and continuous movement of very small particles

caused by random collisions with the molecules of the surrounding liquid or gas.

Molecules of the medium strike the particle from different directions and with varying intensities,

DOl AOCGAET ¢ EOO ADPPAOAT Ol U OATATI EEOOAOEIC 10O O
pronounced in particles ranging from the nanometer scale to a few migmetres, and its intensity

increases with temperature.

In the context of PIPAC/PITAC, Brownian motion may influence the movement of very small
residual drug particles that remain after droplet evaporation (e.g.,.& m Ai Q8 ) O AAT AT 1T
OEAEO £Z£ET Ah AEAT OEA AOE &£0 x méikcéntact with the plritohealE T A OA A C
or pleural surfaces. However, it is not strong enough to overcome the gravitational sedimentation
of larger particles and therefore acts more as a supplementary mechanism of microtransport

rather than a dominant force govening the movement of aerosolderived deposits.
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SKALA Model - Single Brownian Trajectory
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The first graph (A, left) illustrates the simulated trajectory of a single residual cytostatic particle

formed after evaporation of an aerosol droplet during PIPAC or PITAC. This particle, typically

only a few micrometres in size, is exposed to intense AoE AOOEA AT 11 EOET 1 O xEOE
the laparoscopic environment, which generate Brownian motion. As shown by the trajectory, the

particle moves chaotically, taking short, irregular steps without any preferential direction. This

reflects the physicalOA AT EOUd, Al OET OCE " Ol xT EAT 11T OETT ATTC
particles, it is not strong enough to produce macroscopic transport or to cause escape from the

capnoperitoneum or capnopleura.

The second graph (B) depicts the distribution of final positions of a small particle after one
thousand independent Browniarmotion simulations. All simulations began from the same
starting point, corresponding to the experimental situation in which a resiual particle forms at

a specific location after complete evaporation of a droplet. The resulting cloud of endpoints forms
a Gaussian distribution around the start position: the highest density of positions lies at the
centre, and the probability decreasesharply with increasing distance. This statistical pattern
demonstrates that although individual trajectories appear chaotic, their collective behaviour is

highly predictable and conforms to Fickian diffusion.

In the context of PIPAC and PITAC, these two models confirm that Brownian motion can
contribute to micro-transport of very small residual cytostatic particles in the immediate vicinity
of their origin, but its spatial reach is limited to the millimetre scée. This means that the Brownian
mechanism:

1 doesnot generate macroscopic redistribution of the drug,

9 acts solely as a supplementary mechanism of local microixing,
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1 increases the probability of particletissue contact only in close proximity,
9 AATTT O T OAOAT I A OAAEI AT OAGEITT T &£ 1 AOCAO PAOOI

Together, the graphs illustrate that Brownian motion plays only a local and auxiliary role in drug

transport during aerosol chemotherapy, whereas the dominant mechanisms of macroscopic
AEOPAOOGET 1T OAI AET COAOEOUh #/ F tQéposkiGnioRderdsBlh OAAE
droplets.

iy’ he graphs show that small drug particles merely undergo slight jittering
AT A AT 01 AET ¢ xEOEET OEA #/F AT OEOITI AT O AOI
were formed, and therefore cannot travel far on their owra
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Aerosol

Aerosol in PIPAC

Within the PIPAC protocol, the liquid cytostatic agent (e.g., doxorubicin, cisplatin, oxaliplatin) is
aerosolized by a highpressure injector (approximately 17220 bar) through an atomizer. This
process produces a polydisperse therapeutic aerosol that issdiibuted throughout the peritoneal

cavity. The fundamental structural unit of the aerosol is the individual droplet.

4EA CAT AOAOAA AAOI Oil EO 1 AET OAET AA xEOEET A #/
These pressurized conditions enhance:
9 the diffusional penetration of the drug into peritoneal structures,
1 the homogeneity of deposition across large serosal surfaces,
1 the surfaceto-volume ratio of the droplets, thereby supporting more efficient local
absorption,

9 the therapeutic efficacy at lower systemic doses and with reduced toxicity.

In this context, the aerosol functions as a carrier medium that enables uniform, spatially
distributed, and pressureassisted application of the cytostatic agent onto tumeaffected serosal

surfaces.

Aerosol in PITAC (Pressurized Intrathoracic Aerosol Chemotherapy)

PITAC applies the same principle of generating a therapeutic aerosol, but within the pleural

cavity. The pressure conditions differ (being lower than in the peritoneum), yet the physical

mechanism of aerosolization remains identical:
T AOi pI AOO AOA AEODPAOOAA ETOI A #/F AT OEOTTI1 AT
1 particles propagate through the intrathoracic space via aerodynamic flow structures,

9 pressure exposure supports intrapleural drug penetration.

In both modalities, the aerosol is used as an optimized form of intracavitary drug delivery that
integrates particleeOAAT A DPEUOEAOh DPOAOOOOA AiT1 001 1T h OEAOII

confined anatomical space to maximize the local biological efficya of the treatment.

In both cases, the aerosol functions as the carrier medium for the drug.
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Particle and Its Definition

A particle in the aerosol generated during PIPAC/PITAC is a microscopic droplet of cytostatic
solution, composed predominantly of water, with a total size of approximatelyZzb m Al 8 ) O E
created through highD OAOOOOA AAOT OT 1 EUAQET T Atbndaldkfler@EAA AU

cavity.

Each particle acts as a miniature transport unit of the drug. It travels with the flow field, deposits
onto serosal surfaces, and releases the cytostatic agent with high local efficacy. Its size and
aerodynamic behaviour determine both the uniformity of dgosition and the depth of tissue

penetration.

9 Itis adroplet of liquid cytostatic agent mechanically separated from the continuous liquid
phase.

1 The typical particle size ranges fromgv m Al h 1 1T OOzvAd TAIT TAIUO vOOAT A
nozzle systems.

1 The particle distribution is polydisperse? meaning the aerosol contains a spectrum of
droplet sizes determined by the nozzle design, driving pressure, and viscosity of the drug

solution.

A particle is the fundamental structural unit of the aerosol and represents a
YAONRAO2LIAO GiGNIyYyaLR2NI Y2RdzZ S¢ 2F (K
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Collision Modelling

SKALA Model 3D - Kapnoperitoneum 15 mmHg
Particle Collisions and Resultant Vectors
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This 3D model illustrates three simulated collisions of aerosol particles within the SKALA

AADPT T PAOCEOI T AOGI 1T TAAT jpu 11 (cq ET A OPAAA | AAOC
In each scenario, an interaction occurred between a particle launched horizontally from the

lateral wall of the cavity and a particle rising vertically from below (representing rebound or an
ObxAOA #/ F £l 1T x EEAI AQs8

(
I
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AT A O1TxAA O 181t I 70 AEROAO OEA AilT1EOEITh xE

m/s. Spatially, the smaller particle shifted farther into the cavity than the originally faster droplet.

m &t

The impact produced partial fragmentation of the larger particle, which broke into several
smaller fragments ranging from1qc m t I h xEAOAAO OEA O A11 A0 PAOOGE

with only minor shedding.

)T OEA om ti 00 pu t i OhdHdogsivere matkddl bffeced Az A A O O U
larger particle decelerated from 8 m/s to 3.56 m/s, while the smaller one accelerated to 12.44

m/s. A synergistic breakup occurred at the collision site, where both droplets merged transiently

and then fragmented into multiple particles with diameters of approximately 12zp ¢ t | h
dispersed into the turbulent flow. As a result, the particle ensemble scattered in multiple

directions, with the lightest fractions travelling the farthest.
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this case, coalescence predominated: the smaller particle merged with the larger one, forming a

dropletof approxE i AOAT U pc¢ t18 4EA TAxT U £ Of AA PAOOEAI A

by the combined momenta of both droplets, with a slight upward curvature.

This simulation clearly demonstrates that the postollision position and size of aerosol particles
are not determined solely by their initial velocity and diameter but depend critically on mass,
direction, and available kinetic energy. These parameters elwe continuously over time. In

addition to velocity changes, substantial alterations in particle size arise from fragmentation or
coalescence, directly influencing drug distribution, sedimentation behaviour, and the overall

effectiveness of serosal surfae coverage during aerosol chemotherapy delivered via PIPAC or

PITAC.

It is sufficient for just two small particles to collide, and the spray parameters
within the capnoperitoneum immediately become entirely different from those
observed in laboratory conditions or those claimed in promotional materials.

SKALA Model 3D - Collision of Fragment Particles in Capnoperitoneum 15 mmHg
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This 3D model within the SKALA capnoperitoneum simulation at 15 mmHg visualizes the

complex particle interactions inside the abdominal cavity. In addition to the three primary

collisions between particles of different sizes and velocities, three additionghrticles? each one

third the diameter of the originals and travelling at 2 m/® are introduced from the lower part of

OEA AAOEOU AO A tuvld Al ciAs 4EAOA Oi Al1 AO DAOOEAI

collisions or new secondary particles gnerated by turbulence.

After this secondary micra-collision, the original particles undergo the following transformations:

T )7 OEA AT11EOETT AAOxAAT A uvm i DAOOEAI A |
OOAOANOCAT 61 U OOOOAE AU A pes8yx t1 #mEOACIi AT O j¢
the primary particle undergoes splitting, resulting in two daughter particles
approximately20-cv t I ET OEUA8 4EAEO OAI 1T AEOEAO AAEOC
the dominant fragmentcontinues with a resultant speed of approximately 6.2 m/s.

9 )17 OEA ET OAOAAOQOEITT AAOxAAT A on ti DAOOEAI A |
Al T1TTxAA AU Ei PAAO x EOE patialcoalegcdnce AOUKSCAnEW O | ¢
particle of approximately 26z¢ ¢ t I & Oi 0 AT A Ai 1 OET OAOG EOO Oc¢

about 7.1 m/s along a slightly deflected path.

 Inthesmallest-DAOOEAIT A OAAT AOET ETOITOEIC pm t1 jyg I
withAT AAAAA o8¢ tiI EOACI AT O j¢ 1 10Qqq

the light fragment becomes captured in the slipstream of the collision pair, producing a

resulting particle of roughly 12zp 0 t 18 4EEO DAOOEAI A EO AAOOE

velocity of approximately 7.5 m/s, but in a more dispersed form due to its high

susceptibility to turbulence.

Kinetic Interaction and Energy Dissipation
Collisions between particles lead to changes in both velocity and direction. Particles with lower

mass are deflected more strongly and lose kinetic energy more rapidly. If their velocity decreases
below a critical threshold, the particles may fail to reactihe intended target regions, thereby
reducing treatment effectiveness because they are less capable of advancing through the flow

field and achieving stable deposition.
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Conclusion

The three-collision model is functionally suitable for PIPAC because it supports a more uniform
distribution of particles even in anatomically difficult-to-reach regions through fragmentation
and turbulent dispersion. However, for PITAC it may be less optil if the application angle and

flow direction are not precisely controlled, as directional accuracy may be lost.

The optimal model therefore requires precise control of pressure conditions, directional vectors
and particle parameters. This is precisely why the use of a realistic SKALA model is essential for

understanding the true behaviour of the aerosol in a clinideenvironment.

Introduction to the SKALA Collision -Simulation Model of Aerosol Particles in the

Capnoperitoneal Space (15 mmHg)

The distribution of aerosol particles within the abdominal cavity during pressurized
intraperitoneal aerosol chemotherapy (PIPAC) or intrathoracic aerosol chemotherapy (PITAC) is

a critical determinant of therapeutic efficacy. One of the key aspects is thehaviour of aerosol
DAOOEAI A0 xEOEET ET OO0OA&#&ZI AOGAA #/ Fh xEAOA Ali bl A@
structures, organ shielding and the geometry of the cavity.

Traditional laboratory box measurements are insufficient in this respect because they fail to
reproduce real flow conditions, gravitational components or the stochastic distribution of inter

particle collisions.

The objective of this simulation was to use the SKALA modehn advanced 3D computational

iTAAT AARAOCGECT AA OF OAPI EAAOA AO AAAOOAOAT U AO bicC
at a pressure of 15 mmHg, faithfully mimicking capnoperitoneal condins during clinical

ApPpl EAAOEI T8 50EI ¢ OEEO iTAAITh ) AgGAiET AA OEA A
Aih AAAE Agbi OAA O ATITT1EOEITO xEOE OA1T AAAEOQEII
and velocities (Z6 m/s), yet always under identical reference conditions. All computations

respect the aerodynamic properties of the particles and the physical characteristics of the
pressurized environment.

The following 3D plots illustrate the trajectories, deflections and directional changes of the

individual particles after collision? events that naturally occur in vivo. Blue lines represent

incoming particles before impact, while green lines depict the pascollision trajectories. The aim

is to visually and quantitatively evaluate how patrticle size affects their resulting behaviour in
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space, and to what extent they may concentrate in certain regions (hotspots) or fail to reach

anatomically shielded zones (shadow zones).

SKALA Model - 3D Particle Collisions on 50um Particle

X Reference Particle (50 um)
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SKALA Model - 3D Collisions on 10um Particle

X Reference Particle (10 um)
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SKALA Model - 3D Collisions on 30um Particle

Reference Particle (30 pm)

In the SKALA model, collisions of three reference particle typeso m1 Ai h om Abh AT A
were analysed against ten incoming particles of varying velocities and directions, but with
identical reference input parameters. The simulations were conducted in aealistic spatial
’’’’’ I £ OEA
mmHg, as typically used in PIPAC. The objective was to evaluate how each particle deviates after

collision, what resultant velocity it acquires, anl how this affects its ability to achieve targeted

distribution.
Key findings:

4EA 1 AOCAOO OAZAOAT AA PAOOEAI AO
cm laterally, 4.8 cm vertically, and 3.6 cm in depth. Because of their higher inertia and mass, these

71

""""" i vmonave@geAZEEAEOA



particles maintained a relatively stable trajectory after collisions and, paradoxically, penetrated

more effectively into anatomically difficult-to-access regions. Their posinteraction velocity

increased to approximately 6.2 m/s, supporting continued commolled distribution.

OAOOEAT AO T £ on Al OEI xAA 11T OEAAAAT U COAAOAO AEC
a vertical deviation of 6.3 cm indicate reduced trajectory stability. Their resultant velocity was

slightly higher? around 6.8 m/s? but also less predictable. Thse particles display greater
susceptibility to turbulent flow, which may be disadvantageous for uniform peritoneal coverage.

4EA 1100 DPpOiT Al ATl ACEA xAOA OEA pn Al PAODPBAI AO8
12.4 cm laterally and nearly 10 cm vertically after collisions. These particles are so light and

sensitive to local flow structures that they tend to be easily caed away from target regions or

accumulate in saecalled hotspots, where they concentrate without therapeutic benefit. Their

ability to reach shadow zones areas obscured by organs or peritoneal irregularities is

significantly reduced.

Conclusion:

The model clearly demonstrates that smaller particles (Igot Al @ AOA OO0OI T CI U E
flow and turbulence within the capnoperitoneal environment due to their low inertia. This

increases the risk of uneven distribution, insufficient coverage of targetreas, and the formation

of concentration hotspots, all of which may reduce the efficacy of intraperitoneal chemotherapy.

#1171 OAOOGAT Uh 1 AOCAO DPAOOEAI AO jAs8cs8h vuvm AiQq AOA
targeted impact, flight stability, and treir ability to reach complex anatomical regions. This finding

should be considered when selecting nozzle types and optimizing aerosolization systems for

PIPAC and PITAC.
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Aerosol Patterning

Spray patterning in PIPAC or PITAC refers to the manner in which the aerosol jet emerging from
the atomizer is formed, propagated, and distributed within the body cavity that is, its geometry,
density, dispersion angle, and poshozzle flow dynamics. It reresents a complex
characterization of the aerosol cloud generated during the pressurized application of cytostatic

agents into the peritoneal or pleural cavity.

Explanation of the Term
3DOAU PAOOAOT EI ¢ AAOAOEAAO OEA APPAAOAT AA 1T £ OE
space and how uniformly the particles are subsequently distributed onto surrounding tissues.

In PIPAC/PITAC, the spray is not a simple cone of mist but a multifaceted physical phenomenon.

After exiting the nozzle, grimary jet stream is formed? a narrow, high-energy plume in which
the particles possess high velocity and travel in a relatively compact beam. In this zone, the spray

pattern is highly concentrated and directionally focused.

With increasing distance from the nozzle, the droplets undergo fragmentation into smaller

DPAOOEAI AOh |1 E@ xEOE OEA ET OO&EI AOGAA #/ Fh AT A GO/
The jet then expands into a wider cone, and beyond a certain point transitions into a turbulent
and vortical regime, where the spray pattern becomes more variable and less predictable. This

transition between laminar flow, turbulence, and diffusion is criical for PIPAC/PITAC, as it

directly determines the resulting distribution of the drug.
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Factors Influencing Spray Patterning
Spray patterning is influenced by several factors, including atomizer design, nozzle diameter,

injection pressure, flow rate, solution viscosity, the position of the atomizer within the cavity, and

the interaction of the aerosol jet with anatomical structues.

Different nozzle types produce distinct patterning profiles: some generate a narrow,
concentrated beam, others create a broad dispersion, and modern microfluidic or ultrasonic
atomizers may produce an extremely fine, homogeneous mist. The vertical distarimetween the
atomizer and the tissue also critically alters the spray pattern. Placement too close to the surface
generates a forceful, concentrated impact, whereas a greater distance promotes wider dispersion

and more uniform distribution.

Spray Patterning and HOTSPOTS / SHADOW Zones
Spray patterning has a direct impact on the formation of hotspots and shadow zones. If the spray

pattern is too narrow or overly concentrated, a pronounced hotspot develops at the site of impact.

#1171 OAOOAT Uh EAZ OEA ODPOAU 8IAQiGA @ ihe caukyE padicudry AAANO/
in the presence of anatomical obstaclesshadow zones emerge, representing areas with

insufficient aerosol coverage.

The objective of an ideal spray pattern is to achieve the most uniform particle distribution

possible throughout the entire cavity, without regions of excessive overload or insufficient

exposure.

Implementation in Clinical Practice
In clinical practice, proper understanding and control of spray patterning is one of the key factors

for optimizing PIPAC and PITAC procedures. Knowledge of how the aerosol propagates enables
the surgeon to choose the correct position of the atomizer, adjtithe angle and orientation of the

jet, and tailor the application technique to achieve the most homogeneous drug distribution
possible. Spray patterning therefore represents a fundamental principle that directly determines
the efficacy, safety, and reprducibility of the entire method.

The spray pattern also provides implicit information about the manufacturer of the atomizer
specifically whether, and to what extent, they are capable of producing a series of atomizers with
identical spray parameters. The more regular and consistent theaftern, the more reliably the

s o~ A o~
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Conversely, the more irregular the spray pattern, the clearer it becomes that each atomizer of the

same type exhibits different aerosolization parameters.

Image of optical spray patterning visualized by a laser sheet at a distance of 100 mm from the nozzle after impact. Fromwiafiex
OUPA TTUUI A POI AGBAET ¢ Oi Al AOI pi AdONn EI OEA AA1T OAditle OEA 4/ 0/, H
generating small droplets.

-~ Patternace spreje s vypoctem dopadovych ploch (Kapnoperitoneum 15 mmHg)
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The timeless, subtle, and completely counterintuitive principle of hollowcone technology
j4/10/,"q 1 EAO ET OEA EAAO OEAO OEAncEiwéskresET T Al 1 U
as it might appear at first glance but rather a strategic advantage uniquely suited to the

conditions of PIPAC and PITAC. Its spray pattern naturally regulates the formation of hotspots.

This is clearly demonstrated by the final optical spray atterns of the individual atomizers shown

above.

"U AEOOOEAOOEI C AOiIPIAOO AliTTc¢c A AEOAOI AO bPAC

homogeneous coverage of the peritoneum, while the central regientypically the most naturally
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exposed area remains protected from excessive aerosol loading. The central void therefore
functions as a deliberate tolerance zone of the spray, preventing overload and uncontrolled

deposition.

4eA AAOCECGT 1T & OEA 470/, AOT i EUAO xAO AAOAA 11 «

practice, target surfaces will never be perfectly flat or laboratoryideal.
4EEO EO Al AAOI U AOGEAAT O E1T OEA 1T POEAAI DAOOAOT O

highly regular deposition cone, whereas competing vortexype nozzles generate a pronounced
and unavoidable HOTSPOT.
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Momentum of a droplet

The momentum of a droplet determines how an aerosol droplet behaves at the moment of its
formation, during its flight through the peritoneal cavity, and at the instant it impacts the serosal

surface.

Droplet size and velocity have a decisive influence on  momentum.
A larger droplet in the PIPAC/PITAC environment is heavier but typically slower.

A smaller droplet is lighter but faster.

Momentum then governs several downstream processeBroplets with high momentum tend to
sediment later? they reach the tissue surface more slowly but they are far more resistant to
turbulent disturbances in the environment.In contrast, light droplets with low momentum are
faster and sediment more quickly, yet they are much more susceptible to environmental

influences.

Mathematically, momentum is expressed as:
b E I ¢ O

The calculation of individual momentum values for light and heavy droplets will be provided in

the computational section below.
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Momentum tells us two things:

It indicateshow forcefully a droplet impacts the tissugis meant to reach,
and it also expresses i&rectional resistancegainst the surrounding
environment during flight.

SKALA Model - Droplet Momentum as a Function of Diameter and Velocity
le6

Relative Momentum (arb. units)
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The graph shows how the relative momentum of aerosol droplets changes as a function of

their diameter from1 zom Al 8

1. Smalldroplets (1 zp m Al Q

They have very low mass, their velocity decreases rapidly, and their total momentum is extremely

low.4 EAU AOA AAOEI U AAOOEAA AxAU AU #/F AZEl1x AT A |
2. Medium droplets (10 zom Al Q

Their mass increases faster than their velocity decreases, so their momentum begins to rise more
steeply.These droplets have greater inertia they still react to airflow, but they begin to sediment

more reliably.

3. Large droplets 30z 1 Al Q

(AOA OEA AT T ETAT O EAAOI O EO OEA 060011 ¢ ET AOAAOA
Even though velocity decreases slightly with increasing size, mass dominates, causing momentum

to rise sharply. These droplets have the highest inertia, fall the fastest, and are the least able to

change directionduring flight.
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Drop size

When evaluating aerosol droplets in PIPAC, it is essential to understand that the therapeutically

active component? the cytostatic drug? OADOAOAT OO T 11 U A OAOU Oi Al
total volume. The remainder consists of water or saline carriefluid, which can partially or
AT i1 bl AGAT U AOAPT OAOA ET OEA AOU #/F AT OEOTTI AT Oc¢

AEOADPPAAON ET OOAAAh EO OAI AETO AO A OI1EA OAOEAC

substance can be estimated usg the cubic relationship between particle volume and diameter.

For droplets typically described in PIPA@ &I O A@GAI Pl A o7 thadize diihelsolid m Al
Al OA AZEOAO AOI1T xAOAO AOADPT OAGEIT T AAT AA AAI ADI

topic has already been explained in the diffusion section.

These results clearly show that even droplets tens of micrometres in size produce relatively large
solid drug particles after evaporation? usually several micrometres in diameter. These particles
are highly relevant for sedimentation behaviour, interactim with peritoneal or pleural surfaces,

and the subsequent diffusion of the drug into tissue.

In other words, when assessing the effectiveness and distribution of PIPAC, one must not only
consider the size of the aerosol droplets themselves. The decisive factor is the size and behaviour

of the final solid drug core, which ultimately determines theapeutic penetration and efficacy.

The smaller the droplet is, the less drug it contains inside.
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SKALA Model - Conceptual Displacement of 30 um vs 50 um Aerosol Particle

30 pm aerosol particle
50 pm aerosol particle
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This is a SKALA model, meaning an illustration of the principle rather than a measurement, and

EOO DOODPI OA EO O OEi x OEAO A Oi A1 A0 PAOOGEAI A A

than a larger, heavier droplet.

4EA COAPE OEI xO OEAO A Oi Al1 A0 AAOI Oi1 PAOOEAIT A
A OECTI EZEAAT O1 U COAAOAO AEOOAT AA ET OEA AADT T PAC
droplet.

4EEO EO AAAAOOA OEA Oi Al1 AO PAOOCEATI A EAO 11T xAO |
#/ F A1 x ATA 11TAAl Ol OOEAAOG8 )1 Ai 1 OOAOGOh OEA vum

is carried less effectively by the flow.

The graph therefore clearly demonstrates that smaller aerosols can be more mobile within the
capnoperitoneum, while larger droplets have a limited range and deposit onto the tissue much

earlier.

Fine droplets in the capnoperitoneum lose their moraentmuch more quickly.
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Tumour shock

Positive tumour shock

Positive tumour shock is an acute, sudden, and intense cytotoxic reaction of tumour tissue to a

high local concentration of an anticancerdrug T T A OEAO AGAAAAO OEA OOI T O«
neutralise the drug, or repair the cellular damage that occurst Is a state in which the tumour

receives such a high dose of cytostatic agent in such a short time that key cellular functions

collapse rapidly, DNA is damaged, membrane integrity fails, apoptosis or necrosis is triggered,

and the tumour cells undergo suden energetic exhaustion.
In HIPEC / HITHOC, this effect is further enhanced by the presence otheek proteins.

Tumour tissue typically has impaired vascularisation, a dense extracellular matrix, and limited
metabolic flexibility. Such an environment can tolerate low or moderate concentrations of
systemically administered chemotherapy over longer periods, but it carot compensate for the
steep concentration gradient produced when a large aerosol dropletor a solid drug residue

after evaporation? impacts the tumour surface during PIPAC/PITAC.

4EEO A@OOAI A COAAEAT Oh AAAT O
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Positive tumour shock is therefore the result of a rapid, intense, and highly localised cytotoxic
effect that occurs when the tumour is exposed to a high surface concentration of the deugn
effect particularly relevant in intraperitoneal and intrathoracic aerosotbased therapies such as
PIPAC and PITAC.

. o
Negative tumour shock

Although a high local dose may be theoretically advantageous, in some tumour types it can
paradoxically trigger defensive mechanisms that reduce the sensitivity of cancer cells to
treatment or support their survival in other parts of the peritoneum. This ssue is being intensely
studied, because an excessively high local dose does not necessarily produce a better therapeutic
effect and may instead induce a heterogeneous response that decreases the overall efficacy of
PIPAC.
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Summary of the Chapter on Fundamental Concepts

In the previous chapters, we have thoroughly explained the fundamental concepts, physical
principles, and definitions necessary for understanding fluid mechanics and aerosol behaviour in
the context of PIPAC and PITAC.

Based on the models, conceptual graphs, and definitions, we demonstrated that light aerosols and
small particles may appear attractive at first glance, but they already show significant

disadvantages at the very beginning of their use in PIPAC/PITAC.

4AEAOA T EIi EOAQGETT O ET Al OAA OEAEO OAAOAAA AADPI OEQ
sedimentation speed, and limited ability to generate effective concentration gradients on the

tumour surface. We have visualised and interpreted these effects ugitbasic physical models.

If we have understood these foundational principles, only then does the path open toward deeper
and more complex relationships. Only now can we begin to systematically explore the more
intricate interactions between aerosols and the environment of the capperitoneum or

capnopleura, analyse droplet dynamics, examine the behaviour of residual particles after

evaporation, and understand their role in therapeutic penetration.

This leads us into the domain of detailed transport mechanisms, where it becomes possible to
uncover previously litte-AAOAOEAAA AT A 1T A£OAI AT T T 0060 Oi UOOBA
fundamentally determine the effectiveness of PIPAC and PITAC therapy

Regulation of particle size

Introduction

The size of aerosol droplets produced at the outlet of the atomizer is directly dependent on the
pressure that imparts energy to the liquid as it passes through the nozzle. This pressure
determines the flow velocity, the degree of turbulence, and the levef instability of the liquid jet,
which in turn influences whether the resulting droplets will be small or large. Although every
atomizer has a structurally defined nozzle diameter and the manufacturer tests it at a specific

pressure, this value alone dog not define real clinical conditions.
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A nozzle may be validated, for example, at 20 bar, and the resulting aerosol distribution may be
described at this specific setting, but this says nothing about how the aerosol will behave if the

surgeon changes the pressure whether accidentally, unknowingy, or intentionally.

In practice, the pressure on the injector can be easily adjusted, and nothing prevents the operator

from using a lower or higher pressure than the one for which the nozzle was originally designed.

Even a small change in pressure can significantly alter thet velocity and thereby the Weber

number, which determines the degree of fragmentation of the liquid column. At higher pressure,

the droplets break into smaller ones, while at lower pressure, larger and less uniform droplets

are formed. In otherwords,a T UUT A xEOE A 111 ETAl AEAI AGAO 1 £&h
necessarily produce droplets of the same size at a different pressure, because while the nozzle
diameter defines the geometry, it does not define the dynamics of atomization. The dynamics are

determined primarily by the pressure controlled by the surgeon on the injector.
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droplets.
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This fact has important consequences for the interpretation of experiments and clinical practice.

If a nozzle is tested at one nominal pressure, but in clinical use the pressure can be changed freely,
laboratory measurements cannot be considered fully trasferable to realworld conditions.
Pressure variability can cause substantial differences in droplet size, aerosol reach, and drug
deposition, which in the confined space of the abdominal cavity alters the overall aerosol

distribution in an unpredictable way.

This shows that the physical characterization of a nozzle is not just a matter of device design, but

must be directly linked to the pressure actually used by the operator during application.

Overall, the nozzle diameter represents only one part of the equation. The second, equally
important part is the pressure, which the surgeon can change at any time, thereby fundamentally
influencing the final size, quality, and behavior of the aerosol inde¢ the cavity. If this factor is not
standardized, dropletsize values measured under laboratory conditions cannot be considered

fully determinative for clinical practice.
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Guideline for Droplet Regulation

When working with injector pressure, the surgeon must understand that the size of the resulting

AAOT Ol AOi I AOGO EO AAOAOIETAA 1106 T1T1T1u Au OEA

pressure delivered into the system.

Although a nozzle is designed and validated for a specific pressure range, the actual clinical
particle size may differ significantly from laboratory measurements if the pressure is increased
or decreased during application. The general physical rule of @hization states that the higher
the pressure of the fluid passing through the nozzle, the smaller and finer the droplets become.
Conversely, reducing the pressure leads to larger, less homogeneous droplets with different

impact dynamics on the peritoneabr pleural surface

This means that the surgeon must treat pressure as an active part of the system, not a constant.

If the pressure is increased above the recommended level, droplets become too fine and may alter

the aerosol cloud, distribute differently within the cavity, and potentially fail to achieve optimal
deposition on the peritoneum. In extreme cases, excessive pressure may cause unstable flow,
irregular liquid breakup, or unpredictable turbulence, leading to poorer reproducibility of
outcomes. With excessively low pgssure, the opposite occurs: droplet size may increase up to
Ox1T A& 1 An £O01 AAT AT OAT 1T U AEAT CET ¢ OEA AAOT 011860

The surgeon should therefore regard the recommended pressure as a parameter that is not
chosen arbitrarily, but directly defines aerosol quality. Any deviation, even a small one, changes
the exit velocity and thus the resulting distribution. Increasing thepressure by several tens of psi

may reduce droplet size by several micrometers, which may be desirable or undesirable

depending on the clinical objective.

When the pressure is reduced, droplets enlarge even more rapidly, meaning that even a relatively
small change can produce a completely different particlsize distribution. Therefore, the surgeon
must actively monitor and adjust pressure settings during aplication and avoid any
unintentional deviations, because even minor changes affect aerosol behavior inside the cavity.
The nozzle is merely a mechanical tool, whereas pressure is the controlling variable that

determines how the drug is actually atomized.

Working with pressure during aerosol generation is very similar to regulating speed with the

accelerator pedal in a car but with one crucial difference. While most drivers understand that
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different roads, different vehicle loads, and different conditions require different speeds, many

surgeons do not think about pressure this dynamically when applying a drug.

SKALA Model: Aerosol Particle Size vs Pressure (Empirical vP Model)

30 pm at 300 psi
50 pm at 300 psi
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The illustrative graph shows the relationship between aerosol particle size and changes in system
pressure, demonstrating how dramatically pressure can influence the physical behavior of the

aerosol. The curves represent two baseline laboratory values30 micrometers and 50

micrometers? measured at the standard 300 psi.

When the pressure is reduced to 100 psi, both particle sizes increase substantially, whereas
increasing the pressure to 330 psi causes them to shrink. This phenomenon reflects the
fundamental physical principle of atomization, in which droplet size dependsn the momentum

of the liquid jet, its velocity, and the turbulence generated as it passes through the nozzle.

As the pressure decreases, the exit velocity of the liquid drops accordingly, lowering its
momentum. The jet becomes more stable and less disrupted, and cohesive forces within the fluid

begin to dominate over aerodynamic forces. As a result, larger dropgeform, which is clearly

visible in the graph as values shift toward higher diameters at 100 psi. This effect can be imagined

AO OEA 1TENOEA EAO OITOEIC EOO AT Adcud AT A AAAT I E
Conversely, increasing the pressure to 330 psi causes a sharp rise in jet velocity and thus the
momentum of the liquid filaments. As momentum increases, turbulence intensifies at the nozzle

exit. This turbulence disrupts the liquid surface and breaks it ito smaller droplets because
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aerodynamic forces overcome the cohesive forces of surface tension. The graph confirms this,

showing a reduction in particle size for both curves at elevated pressure.

Changes in momentum and turbulence also profoundly influence subsequent droplet behavior in
space. Smaller particles produced at higher pressure are more likely to follow turbulent airflow

patterns, while larger particles produced at lower pressure sedimearmore rapidly.

The graph therefore does not merely represent a simple calculation of aerosol particle size but
serves as visual evidence that altering pressure changes the entire aerosol dynamic. This is
critical in clinical practice, because a surgeon who selects a siagoressure regardless of the
situation influences not only particle size but also momentum, dispersion speed, turbulence
patterns, and ultimately where?» and how evenly» the drug will actually deposit inside the cavity.

In practical terms, if the clinical need is to focus exclusively on one specific quadrant, the surgeon
may reduce the pressure and orient the nozzle toward that area, causing the aerosol to

concentrate more locally (creating a HOTSPOT) and deposit primariwhere intended.

When the target region expands across multiple quadrants, the pressure must gradually be
increased, because higher pressure produces smaller and more mobile droplets capable of
covering a larger portion of the cavity. This allows the aerosol to distributenore uniformly and

reach distant sites that would otherwise fall outside the therapeutic field at lower pressure.

Compatibility with injectors
In clinical practice, an additional ambiguity arises from the fact that not all injectors operate using

the same control principle.

Some systems allow the surgeon to adjusinly the flow rate , while the pressure is regulated
indirectly and limited only by a maximum safety threshold set by the operator. In such systems,
the surgeon does not directly control the pressure; instead, the pressure is generated aseault

of the nozzle resistance and the physical properties of the liquid. Under these conditions, the
actual operating pressure can fluctuate significantly depending on the situationoften without

the surgeon having immediate awareness of these changes.

Other devices, in contrast, allow the surgeon to control theressure directly , which provides far

more precise control over droplet size and aerosolization dynamics.
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However, if the surgeon uses an injector that doesot offer direct pressure control, they are
forced to convert the desired pressure value into an equivalent flow rate using proportional
AAT AOI AGETT j 0001 A T £ -pr&viodk Aatadrhid obrvdksion ndst bé darie O £A A O C

manually.

This means that without performing the calculation correctly, the resulting pressure may differ
from the intended one, which subsequently affects aerosol droplet size and distribution range.
Thus, the choice betweerlow -controlled and pressure -controlled injectors is not merely a
technical preference it has a direct impact on the quality, reproducibility, and clinical reliability

of the entire therapy.

Conversion format
Pressure conversion
If the injector cannot switch units, the pressure is converted as:
0aAo _Uooe
p®MTOY

For 330 psi:

oon WA O
pﬁ)ncwce(

(e

Flow -rate calculation

Flow rate is proportional to the square root of pressure:

08 Vo

The manufacturer provided the reference value:
0 ¢ ™ AiO0 pckl Ti EI

Therefore:

0 0
0 0
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Substituting:

0 ¢t C&v
p cm
Calculation:
0 p ¢ P o X UL
0 p ¢ lipdt @ @
0 po&i 1 71 EI
Conversion to ml/s
If the injector cannot display ml/min, we convert:
s POo&
I'1' 70O PRL

Oijroc& M1 70

The larger the affected area is, the more pressure | add.
The smaller it is, the more | reduce the pressure and target it precisely.
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“Reality grows from
a theory that has been
understood.”

—Radim Skala

SHADOW ZONES

Defintion of Shadow zones
hadow zones are one of the key phenomena influencing the effectiveness of PIPAC.
These are regions of the abdominal cavity that are not sufficiently reached by aerosolized

cytostatic agents because the aerosol cannot spread evenly into all anatomical spaces.

Although PIPAC relies on the principle of pressurized aerosolization, which is intended to ensure
homogeneous drug distribution, the real environment of the peritoneal cavity inevitably creates
areas where the aerosol penetrates poorly or not at all. Theseeas are referred to asshadow
zonesShadow zones arise mainly due to the anatomical complexity of the peritoneal cavity, which
contains deep recesses, pockets, and folds such as subphrenic spaces, pelvic recesses, or the
regions between intestinal loops. The aerosol travels in the form dlow streams that hit these
structures and flow around them, thereby creating regions behind them with significantly lower

drug concentration.
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Shadow zones are one of the key phenomena that determine the effectiveness of PIPAC. These
are regions within the abdominal cavity that aransufficiently reached or not reached at all by
aerosolized chemotherapy because the aerosol cannot distribute evenly throughout all

anatomical spaces.

Although PIPAC relies on pressurized aerosolization designed to ensure a homogeneous spread
of the drug, the real geometry of the peritoneal cavity inevitably creates areas where aerosol

penetration is poor or absent. These regions are referred to ahadow zones.

Shadow zones primarily arise due to the complex anatomy of the peritoneal cavity, which
contains deep recesses, pockets, and foldsuch as various subphrenic spaces, pelvic recesses,
and spaces between bowel loops. The aerosol travels in streams that a#liwith these structures

and flow around them, creating areas behind them where the concentration of the drug drops

significantly.

Shadow zones become even more pronounced in patients with adhesions from previous
surgeries or with extensive tumor infiltration, both of which create mechanical barriers and alter
the internal airflow dynamics. Adhesive bands can form small, partially etmsed compartments

into which aerosol cannot enter at all.

The position and type of atomizer also play a major role in the formation of shadow zones. In
static or stationary PIPAC, the atomizer is placed in a single fixed position, meaning the aerosol
primarily reaches regions within the direct line of spray. Moredistant or anatomically shielded

regions may receive only minimal deposition.

While aerosol does circulate, the physical behavior of flow within an enclosed, irregularly shaped

cavity limits its ability to distribute uniformly.

Shadow zones are clinically significant because poor drug deposition leads kower local

concentrations of cytostatic agents , resulting inreduced therapeutic effect in these regions.

These areas can become sites of persistent tumor activity even after repeated cycles of PIPAC.

This limitation is one of the driving forces behind the development adynamic PIPAC, where the
surgeon actively manipulates the atomizer and directs the aerosol toward regions that would
otherwise remain shadow zones.

This significantly reduces the risk of uneven coverage of the peritoneum and increases the overall

effectiveness of the therapy.
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They are areas in the abdominal or thoracic cavity where the spray cannot reach
on its own.

Formation

1 due to anatomical obstacles (liver, spleen, cecum, stomach, diaphragm, ligaments, etc.),
due to insufficient momentum (impaction) of fine particles,

due to collisions of flow streams with surfaces,

due to the nozzle being placed too close to a cavity wall or organ,

due to turbulent vortices that blow fine aerosol away from target regions,

=A =4 =4 =4 =

due to incorrect capnoperitoneal pressure.

An example of practical exposure of SHADOW zones during dynamically performed PIPRt&
image shows that the aerosol acts directly on the affected tissue that, under normal
circumstances, would be reached only minimally or not at all his creates a temporary
HOTSPOT but at the benefit of opening and treating the SHADOW zone.

Elimination of SHADOW ZONES
Elimination of shadow zones during PIPAC / PITAC is essential for achieving uniform aerosol

distribution and thus predictable therapeutic efficacy. Shadow zones form wherever the aerosol

©
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fails to reach the tissue surface in sufficient concentration, often due to anatomical obstacles, a
fixed atomizer position, or inadequate flow patterns. Below are the most effective and detailed

strategies for eliminating these zones technical, surgical and technological.

1. Dynamic PIPACz active movement of the atomizer

The most effective way to eliminate shadow zones is dynamic manipulation of the

atomizer during application.
1 The surgeon changes the angle, direction, and position of the atomizer.

9 The aerosol is directed into anatomical folds, pockets, and recesses.

9 Stagnant flow zones are disrupted.

From a fluid-dynamic perspective, this is the most powerful method because it responds directly
01 OEA DPAOGEAT 660 OAAI AT AdOIiI US
2. Optimization of injection pressure and flow rate
00 PAO PEUOEAAI DAOAI AGAOO Ei POT OA OEA OOAAAI

cavity. Helpful adjustments include:

T (ECEAO ETEAAOQEII DOAOOOOA o AAOOAO pPAI
premature settling.

9 / DPOEI Al A& 1Tx o 011 17Tx AAOOGAO EI OOEEEA
hotspots.
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volume for homogeneous distribution.
These adjustments must remain within safe operational limits.

3. Changing the height and orientation of the atomizer inside the cavity
Atomizer placement is crucial:
T 4117 17Tx o OEAAT x UTTAO APDDAAO AAT AAOE OEF
T 4717 EECE o Z£ET A AAOI 011 1T AU AT1TAAT OA AA/

T 7011 ¢ AT ci A o AOUii AOOEA AEOOOEAOOEITT 8

The optimal position is central, elevated, slightly above the horizon, aligned with the trocar, and

free to rotate.
4. Multi -positional (multi -point) application

Some centers use a technique in which the aerosol is delivered:
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from multiple atomizer positions,
from various angles,

in several short doses,

= =| = =4

or even with multiple atomizers simultaneously.

5. Manipulation of patient positioning
Gravity significantly affects aerosol behavior.
#EAT CET ¢ OEA DPAOEAT 0860 bPi OEOEIT AOOEI C ADPDI E,
Z OOAPEOAT EA OPAAAON
Z OEA PAI OEOn
Z 1 AOAOAT OAAAOOAOGS

Common positions:

1 40AT AAT AT AOOC © Ei BOil OAO pPAI OEA Al OAOACAS

T 2A0A00A 4 0AT AAT AT AGOC © EIi DOl 6OAOG OOADPEOAT EA
T , ACAOAI OEI OET C © Ei DOl OAOG Al OAOACA 1T £ OEA

Positioning is often combined with dynamic PIPAC.
Conclusion
By combining these techniques, shadow zones can be significantly reduced or almost completely

eliminated, resulting in a more homogeneous, safer, and more effective application of

chemotherapy.
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HOTSPOTS

Defintion of Hotspots
Hotspots during PIPAC or PITAC are localized areas with abnormally high concentrations of
aerosolized cytostatic agent, receiving a significantly higher dose than the intended average

coverage of the peritoneal or pleural cavity.

They are the opposite of shadow zonesareas with insufficient exposure. Hotspots arise from
the physical principles of aerosol flow and particle interaction with anatomical structures. They
most commonly form in the direct line of the atomizer jet, wheretie pressurized stream impacts
a specific region of the peritoneum and creates a primary hyperoncentration zone. Secondary
hotspots may also form due to turbulence around the liver, spleen, omentum, or intestinal loops,
which create vortices that trap andconcentrate aerosol particles. This effect is especially

pronounced with fine and light aerosols.

Sedimentation also plays a role. In dependent regions of the cavityespecially if the aerosol
contains heavier droplets or if airflow turbulence is low excessive particle deposition may
occur. Hotspots can likewise develop in anatomical folds, pockets, adhesive compartments

where aerosol flow slows down and tends to accumulate.

The clinical relevance of hotspots is significant, because these zones can exhibit local
hypertoxicity. They contribute to uneven drug distribution, particularly in static PIPAC, and thus

to variable biological responses in which one region of the peritof@i | AU AGO AN GRAAD
xEET A AT T OE-AOA @A ABGT ARAGAE EAOAOI CAT AEOU OAAOAAC

outcomes and complicates the interpretation of efficacy in clinical studies.

In connection with hotspots, it is also important to discuss their relationship to tumor shock (see

section above).

Hotspots are potential focal points for inducing tumor shock, because tumors in these regions are

exposed to extreme chemical and penetrative stress.
While a high local drug dose can theoretically be advantageous, certain tumor types may

paradoxically activate defensive mechanisms that reduce their sensitivity to treatment or

promote survival elsewhere in the peritoneum. This issue is actively studieds excessively high
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local dosing does not always translate to improved therapeutic effectinstead it may trigger

heterogeneous tumor responses that ultimately reduce the overall effectiveness of PIPAC.

Hotspots are more typical in static PIPAC, where the atomizer remains fixed in one position and

the aerosol stream continuously targets the same direction.

In contrast, dynamic PIPAC allows active manipulation of the nebulizer, enabling disruption of
concentrated zones and minimizing both shadow zones and hotspots, thereby reducing the risk
of uneven distribution and extreme local chemical loading that may pmote tumor shock.
Overall, reducing hotspots is crucial for improving uniformity, safety, and biological predictability

of therapy.

However, it must be noted that even during dynamic PIPAC, pronounced HOTSPOTS may form,
especially when the surgeon moves the atomizer into adjacent areas with a short distance

between the nozzle and the tissue, or the trocar opening.

Formation

One of the key factors in the formation of hotspots is the turbulent flow behavior of small particles

inside a closed and anatomically complex cavity. After exiting the nebulizer, the aerosol
(composed of small particles) does not spread as a homogeneoushbut passes through a phase

I £ EEGCE OAI T AEOUh AOi PIi AO AOAAEODPh 1| EQGEI ¢ xEOE
structures. Around large organs such as the liver, spleen, stomach, or omentum, vortical currents

and local turbulence develop. Withn these vortices, aerosol particles may slow down, begin to

cluster, and preferentially deposit on specific surfaces.

Secondary Hotspots

Their formation creates secondary hotspots that do not lie in the direct line of the nozzle, but in

1 TAAQOEI T O xEAOA OEA AEOA&I 1T x £ O0i 6 ObPT AEAOOGG 1T £
anatomical recesses, grooves and pocketssuch as the pel recesses, paracolic gutters, or

subphrenic spaceg where changes in flow direction and local deceleration lead to higher drug

deposition. This is characteristic of fine aerosols and is confirmed by the Stokes number.
The properties of the aerosol itself play a major role here: particle size, mass, and velocity. Larger

and heavier droplets tend to lose speed earlier, settling along the trajectory of the primary jet or

in dependent portions of the cavity due to gravitylf aerosol generation is not optimally adjusted,
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a mixture of fine particles that disperse well and coarse droplets that strike limited surfaces at
short distance from the nebulizer is produced creating micro-hotspots that may be invisible to

the naked eye but are highly relevant in terms of tissue load.

The geometry of the peritoneal cavity, the presence of adhesions, and postoperative changes
further modify airflow. Adhesions create separated pockets or tunneike spaces where aerosol

can enter only marginally; however, once particles enter such a spdte OEAEO OAQ@EOG
restricted and the particles accumulate producing a local hotspot inside an adhesive pocket.

The technical execution of PIPAC has a major influence on hotspot formation. In static PIPAC

where the atomizer is fixed in one position and always points in the same directienthe aerosol

stream remains continuously oriented toward the same sector of theavity. This practically
guarantees that a pronounced hotspot will form at the impact site of the jet and its immediate

surroundings, while lateral and sheltered areas may simultaneously develop shadow zones.

In dynamic PIPAG where the surgeon actively adjusts the position and angle of the nebulizer
during application? the flow becomes more variable, particle distribution spreads across a larger
surface, and the risk of extreme overload zones decreases. Howeveren with dynamic
technique, improper handling? such as prolonged spraying at one spot, an unfavourable angle to
the surface, or a short distance between nozzle and peritonewmcan still generate local hotspots.

The time aspect further intensifies differences between zones.

At the start of application, the aerosol first reaches the primary areas in the axis of the jet, while
peripheral zones fill gradually. If the atomizer position is not changed during this phase, the
difference between areas exposed from the beginning andhdse that reach effective

concentration only later increases over time.

Hotspot formation is therefore not only a spatial but also a temporal phenomenon. It results from
the time-integrated dose at a specific point. Areas exposed to a high particle flux for a prolonged
period accumulate dose and become hotspots, whereas othemsmain relatively underdosed
(SHADOWS).

The entire process is additionally influenced by the interaction of aerosol with tissue surfaces.
Once droplets hit the peritoneum, the cytostatic dissolves in the surface film, diffuses into the
tissue, and modifies the local microenvironment. In hotspotthis interaction is extremely intense,

because the local drug concentration is high; pH, osmolality and the cellular environment may

differ significantly from the rest of the cavity. These sites therefore experience not only stronger
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cytotoxic stress but also a higher load in terms of inflammatory response and microvascular
changes. From a macroscopic perspective, hotspot formation means that the peritoneal cavity is
not exposed to a uniform dose OEAOA AOA O OA O E-dpobube/zdnesEhiatinbyd O h

exhibit a different biological response than the rest of the surface.

In summary, hotspots are an unavoidable consequence of the directional nature of the jet,
turbulence in a confined space, gravity, anatomy, adhesions, and the duration of application. Their
occurrence can be reduced through optimized technique (dynamic nebzer movement,

appropriate pressure and flow, patient positioning, advanced nebulizers), but cannot be

completely eliminated? even in an ideally performed PIPAC.

Understanding how hotspots form is therefore essential both for interpreting PIPAC results and
for developing technologies that aim for the most homogeneous possible drug distribution in the

peritoneal cavity.

Elimination of HOTSPOTS

The most important principles:

Dynamic movement of the atomizer essential and most effective.
Variable nozzle orientationz never aim in one direction for too long.
Optimal pressure, flow rate, and nozzle height.

Use of modern aerosolization technologies.

Patient positioning during application.

Maintaining turbulence and preventing stagnation.

N o o bk~ w DR

Multi -positional technique z multiple application positions.

This combination of measures can dramatically reduce hotspots, though not eliminate them

completely.
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The atomizer is inserted with its lower edge aligned to the trocar in such a way that it maximally
reduces the formation of HOTSPOTS and SHADOW zones relative to the cavity, allowing the
spray to fully expand into the space and throughout the entire volume

Example 1 of improper atomizer placement (moreover a multaxis one) in terms of HOTSPOTS
during static PIPAC.
The outlets of the individual nozzles are positioned too close to the tissue, causing the spray to
collapse into a liquid film. Only one of the four axes is functionally effective.
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Example 2 of improper atomizer placement in terms of HOTSPOTS during static PIPAC.

The nozzle outlet is positioned too close to the organ.
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A suboptimally designed atomizer

Without
understanding
the physics,
every new atomizer
Is just more chaos
in the shape of
a spray.

—Radim Skala

Preface

YT 01 AAUBO 1 AT AOAADPAR 2 $oindtimes Ahostifréntiz AeCdévklopkentO A b E A
of devices intended for PIPAC and PITAC. Manufacturers often compete in innovations that

may appear attractive at first glance, yet do not always stem from a deep understanding of the
fundamental physics of aerosolization or the principles upon which these methods are built. The

result is that technologies enter the market that may be elegant from an engineering perspective

but suboptimal in terms of real clinical functionality.

A typical example is the emergence of rare multixis atomizers that spray aerosol from several
outlets simultaneously. In laboratory setting® inside closed boxes without anatomical obstacles
and with ideally laminar flow? such systems may produce impressi/ data. However, the real
peritoneal or pleural cavity is vastly more complex, and its dynamics unequivocally favor a
predictable, reproducible geometry of a single weltontrolled spray. If the physics and theory of
one spray have not yet been fully mastered, attempting to control multiple spray jets that

influence one another, interfere, and complicate analysis as well as clinical predictability becomes
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counterproductive. This trend is fast, but it does not always lead forward; sometimes it merely

reflects market pressure and the pursuit of novelty.

Similarly, manufacturers often compete to create the widest possible spray angles. While broad
DAOOAOT AGEITT T AU 11TTE AAOAT OACAT 6O 11 DPADPAORh O
EITEOCS 10 AEAEAEOOET ¢ AT AT AT OO AOT O1 Ape®enfinal T UUIT A
laboratory environment. Yet in real surgical conditions especially in confined spaces, in the

presence of organs, adhesions, or during pleural PITAGhese extra components may limit
maneuverability, obstruct visualization, or deform the sprg in undesirable ways. A component

intended to enhance spray performance can thus become an obstacle that restricts operative

space and compromises precision.

This rapid innovation, though motivated by a desire to advance PIPAC and PITAC, resembles the
behavior of turbulent particles in a flow: uncoordinated, chaotic, overlapping, and sometimes
moving counter to the expected direction. Not every innovative nozelgeometry or multiaxis
design delivers better clinical drug distribution; in many cases, it may lead to inhomogeneity,

more difficult manipulation, or even hazardous physical effects invisible in laboratory conditions.

The aim of this work is therefore to emphasize that the speed of development must not

outpace physical understanding.

PIPAC and PITAC rely on exact principles of flow dynamics, turbulence, droplet size, and tissue
interaction? if these laws are not respected, even the most exciting technological novelty cannot

replace a stable, welldesigned atomizer that functions reliaby in real anatomical conditions.
And although technological development in PIPAC and PITAC is accelerating at an unprecedented

pace, the human body itsetf anatomically and physiologicallp remains the same.

This mismatch creates a paradox.
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Definition
A suboptimally designed atomizer for PIPAC/PITAC is an atomization device whose construction,
physical parameters, or spray characteristics fail to ensure a uniform, stable, and clinically

effective distribution of aerosolized cytostatic drug within the peitoneal or pleural cavity.

Idertification
It is such an atomizer that fails in one or more key areas, such as:
1 particle size,
i spray pattern,
9 turbulence and directional flow stability,
1 shaperelated compatibility with anatomical conditions or intraoperative
maneuverability,

1 oversized or overengineered construction.

Although these devices may appear technologically impressive on the outside, their actual
behavior in the dynamic and highly structured cavity environment can lead to uneven drug
deposition, the formation of hotspots and shadow zones, and substantial vabidity in biological

effectiveness.

Inappropriate spray pattern

4 EAR CAOAxAU ET Ol OEA 001 Ol o6 I £ AOGAOU AOT I E
A typical hallmark of a suboptimal atomizer is an inappropriate spray pattern for example, an

overly narrow jet with high kinetic energy that produces a concentrated impact and hotspots; an

irregular, non-homogeneous pattern; or, conversely, an excessiyewide aerosol cone with

insufficient dynamic dispersion that penetrates anatomical recesses poorly.

What is not regular cannot be repeatable.

Image of optical spray pattern visualized by a laser sheet at a distance of 100 mm from the nozzle upon impact.
TTUUI A pOT AGAET ¢ Oi A1l Aol pI AOOh OEA 470/, H 171 U0UI
based competitor nozzle with small droplet sizes.

From left to right: a vortexO U B A
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If the atomizer does not generate a stable and uniform aerosol spectrum, the distribution
becomes dependent on random turbulences and gravity, which is far less acceptable in
PIPAC/PITAC.

Poor control of particle size
Another hallmark of suboptimal desigrn ACAET OI 1T OAA ET (OHshooddrdl U6 O DA«

over particle size.

The droplets may be too fine or, conversely, too large; they may be easily carried away by airflow
or sediment too quickly and fall directly beneath the nozzle; or they may aggregate and form

irregular deposition patterns.

This can result in pronounced dose heterogeneity, reducing cytostatic efficacy and complicating

reproducibility between patients.

A suboptimally designed atomizer often assumes ideal laboratory conditions: laminar flow, an
empty space, flat surfaces conditions entirely unlike the real peritoneal or pleural cavity, where

organs, adhesions, folds, and pressure variations create a coeplphysical environment.

In such conditions, the spray may become distorted, turbulent pockets may form, flow

interference may arise, or uncontrollable stagnation zones may appear.

Ergonomics
Finally, suboptimal ergonomics and poor maneuverability can also be limiting factors.

An overly large body diameter, added structural features, shape transitions, unstable mounting,

dynamically, further increasing the unevenness of application.

Such devices are often equipped with bulky structural additions that may interfere in real surgical
OAOOET ¢cO8 '1 AT1 AOCAA AEAI AGAoh AOQGEI EAOU AARAA&El
dynamic PIPAC, limit maneuverability during PITAC, or obstructcaess in tight anatomical

spaces. The result may be reduced control over the direction and position of the nozzle, further

promoting uneven deposition.
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Oversized Atomizer

An oversized atomizer in the context of PIPAC/PITAC refers to a device whose construction,
dimensions, or performance are so excessively robust that they no longer correspond to the

physical, anatomical, or clinical requirements of the real peritoneal or lpural cavity.

An oversized atomizer is rarely the result of clinical necessity; rather, it often arises from attempts

AO OADPEA OAAETTITGCEAAI ETT1T OAOETTh [ AOEAOGET C ADH
30AE A AAOGEAA 1T AU AOBRBAEAD |1 BICEGMAD DO M ANDIAA ABAS AO
world behavior is, in fact, directly at odds with the fundamental principles on which PIPAC and

PITAC depend.

Aerosol Parameters
The main issue is that an oversized atomizer produces an excessively strong primary jet stream.

The extremely high kinetic energy of the aerosol flow generates a forceful impact on the

peritoneal or pleural surface, leading to the formation of massive hop®ts? zones of hyper

exposure where cytostatic agents accumulate in nephysiological concentrations. These zones

may cause local toxicity, inflammatory reactions, and tissue damage. At the same time, the

opposite effect can occur: pronounced shadow zonen distant or anatomically shielded areas,
AAAAOOA OEA 1T OAOOGEUAA 11T UUI A OOGEI T 666 OEA AAOT OI
the ability to diffuse evenly.

Instead of creating a fine, homogeneous mist, it produces a heavy stream of unstable aerosol
spectra that cannot effectively fill the cavity or reach difficult anatomical regions such as the
subphrenic spaces, the pouch of Douglas, paracolic gutters, oeyal recesses.

An oversized atomizer is often designed to excel under laboratory conditiopsinside an empty

box with laminar flow, ideal pressure, and without anatomical obstacles.

In such an environment, it may demonstrate impressive reach or spray width. However, these
results cannot be translated into the real human body, where organs, curvatures, recesses, and
adhesions fundamentally alter flow dynamics. Excessive output does noecessarily improve
clinical efficacy; on the contrary, it may destabilize the physical processes and create

unpredictable outcomes.

Crucially, an oversized system may give the illusion of technological superiority while in reality

bypassing physical principles instead of respecting them. At a time when the properties of a single
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optimal spray are not yet fully resolved, greater power, a wider angle, or a more aggressive jet
may be marketed as progress even though clinically they may lead to inferior results.
In summary, the problem of an oversized atomizer can be expressed simghygger is not better.

Just assmaller is not automatically better.

PIPAC and PITAC are not contests of spray performance; they are sophisticated physical and
biological processes requiring precision, balance, reproducibility, and harmony between
turbulence, dispersion, and the fineness of the aerosol cloud. An oversizddraizer disrupts this

balance» and with it, the overall quality and risk profile of the procedure.

Trend of Increasing Spray Angles
The trend of increasing spray angles in PIPAC/PITAC seems logical at first glance. The wider the

AAOT 611 AT TAh OEA 1 AOGCAO OEA AOAA OEAO EO OEEOQG

coverage. In practice, however, the situation is far more corfgx, and the rapid race among
manufacturers to achieve the widest possible spray angle often leads to problems rather than real

progress.

A wide spray angle means that the aerosol is dispersed across a large area within a very short
distance from the nozzle. In laboratory boxes with empty, regular volumes, this looks impressive

because the walls are flat, the flow is predictable, and alardel C1 A T EAAT U OPAET 006
But once the same atomizer enters the peritoneal or pleural cavity, it encounters an entirely

different reality? organs, curvatures, recesses, adhesions, pressure changes, and patient

positioning.

The wide cone begins to break against surfaces, deform, generate chaotic turbulence and local
stagnation pockets, and both hotspots and shadow zones reappear. A wide angle does
automatically create better homogeneity in many cases, we actually lose control over where the

aerosol truly travels.

Another problem is that increasing the spray angle has a direct impact on handling. To achieve

A@OOAT AT u xEAA ATTAOh | AT OEZAAOOOAOO 1T A£OAT AAA

A
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space of the abdomen or thorax, they get in the way. They are often positioned in front of the

nozzle opening itself.
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The surgeon has less space around the atomizer, making manipulation through small ports more
difficult, especially during dynamic PIPAC, and in PITAC a bulky atomizer head can significantly
I EIEO | AT AOOGAOET ¢ AAOxAAT OEAR EAR CATOE AOBMA i AhC ¢

hits the hard limits of ergonomics and practical usability.

From a physics standpoint, the wider the angle, the more spray energy is dispersed sideways

AT A OEA 1 AOO OOAAAEG OEA AAOI OIl EAO O DPATAOOA
overcoming anatomical obstacles and, instead of reaching targetedffidiult -to-access regions,

they impact the nearest surfaces. If the theory and parameters of a single, stable, veglhtrolled

spray are not fully understood, then simply increasing the angle is more of a cosmetic adjustment

than a true optimization.

The trend toward larger spray angles is largely a marketing racean easy number to advertise
i O1 60 TTUUI A EAO ptmlodoqgh -w@dhoindgdneit) paktiGe shatO 1 EOO
turbulence. Instead, it raises questions about the creation of kepots and shadow zones.

In an environment where we still lack robust clinical data and standardized CFD models for an
optimal single-spray pattern, aggressively pushing extremely wide spray angles represents more

of a risk than a guarantee of progress.

&AO 11T OA EIi bil OOAT O OEAT OO0 HAderstddd phgsallyistaigd, dd BT OOE /
surgically controllable spray that respects the anatomical limits of the human bodyunchanged

for centuries, even as technology around it evolves far too quilgk

The spray angle is currently one of the most frequently discussed topics, particularly following
the publication of experimental studies showing that, in a static PIPAC model, a wide spray cone
can dramatically improve distribution homogeneity. Nevertheles, from a fluidmechanical
perspective, it is a mistake to regard the spray angle as a primary and universal parameter of the

method.

Fluid mechanics provides a clear framework, namely that the fundamental physical quantity is,
and remains, the droplet size and all phenomena derived from-itstability, flight trajectory,
inertia, evaporation, sensitivity to turbulence, and the ability tampact and penetrate tissue.

The spray angle is, in reality, only a geometric consequence of nozzle design, and its optimal value
is not absolute. It is relative to the manner in which the aerosol is applied into the peritoneal

cavity.
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What becomes essential once knowledge from dynamic PIPAC and ePIPAC is added that the
real environment is far more complex than what is suggested by experiments performed in closed

boxes.

In static PIPAC, where both the laparoscope and nozzle remain stationary and the aerosol spreads

solely by its own dispersion, a wide spray angle undeniably plays an important role. In this

regime, spatial distribution is limited by a single fixed point. Gnsequently, a wide spray cone

minimizes shadow zones and eliminates the vertical gradient. Experiments using wide angles of

AOT OT A pumd ETAAAA AAIT1 OOOAOAA A OOAOOAT OEAI EI
levels. For static applications, a wid angle is therefore advantageous because it compensates for

the lack of movement by providing broad geometric coverage of the cavity. Even here, however,

part of the physics of distribution lies beyond the influence of the spray angle.

YT EIT T TCAT AEOU EO Al 61 CAT AOAOCGAA AU OOOAOI AT AA b
obstacles, and the geometry of the cavity factors that cannot be solved by the spray angle alone.
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Dynamic PIPA@ where the nozzle is deliberately tilted, rotated, or shifted so that the aerosol can

reach narrow anatomical recesses, pouelike regions, or interorgan spaces requires an entirely

different geometry. Here, a wide cone becomes an obstacleryWwide angles generate excessive

turbulence and impaction hotspots near the walls, increasing local saturation while worsening

overall uniformity of deposition.

During dynamic nozzle movement, a wide cone breaks against nearby surfaces, loses its
momentum, and loses the ability to penetrate deeper anatomical regions. The result is a pattern
of unsuitability similar to that observed with multi-nozzle systems in vaimetrically narrow

spaces.

In contrast, a narrower angle such as 6Qy Jmay be far more effective in dynamic
applications. It maintains higher kinetic stability and penetrates more easily into thin
compartments beneath ligaments or between organs, where a wide angle fails to generat
directional impulse. This clearly shows that a wider angle is not universally better, because

everything depends on the mode of application.
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An even more pronounced difference emerges in ePIPAC, where the aerosol is combined with

energy fields or specific pressure modulation and where a stable particle column is required. It is

difficult to apply electrical or pressure-based modulation to an eitemely wide and turbulent

cone. A narrow or moderately wide angle forms a much more stable particle column that behaves
DOAAEAOAAI U ET OEA APDPI EAA ZAEAT A ATA AT AO 110 ¢,
these regimes, ultrawide angles may atirely lose their advantage, because the outcome is not

homogeneity, but unpredictability.

All this leads to a simple truth: the spray angle is not a universal physical parameter of the PIPAC
method. Thefundamental physical parameter remains the droplet size and its behavior in the
peritoneal environment, because that behavior is preserved across all regimes. The spray angle,
by contrast, is a situational variable that must match the specific application mode. Whist
optimal in the static regime may be inappropriate in the dynamic one, and completely

counterproductive in ePIPAC.

The peritoneal cavity is not a laboratory box, and different surgical techniques operate in

different turbulent and geometric conditions.

It is therefore impossible to unify or generalize the logic that a wider spray angle necessarily
produces better distribution in PIPAC or PITAC. Such a statement would be physically simplistic
and methodologically inaccurate. The spray angle is not a unigal variable. Its optimal value
shifts depending on whether the application is static, dynamic, or ePIPAC, where the aerosol is

modulated by electrical or energetic fields.

What is advantageous in one configuration may prove disadvantageous in another. While a wide
cone may help cover surfaces that would otherwise remain shadowed in a static setting, the same
cone can significantly hinder aerosol penetration into deeper or rreower anatomical spaces in a
dynamic environment. Each regime therefore requires its own geometric solution, and one

cannot mechanically assume that a wide angle is always beneficial.

By contrast, droplet size represents a truly universal physical parameter that remains valid
regardless of the application mode. Most key phenomenatransport, inertia, penetration,
ET OAOAAOQET T xEOE OOOAOI Al O~ detive tireclydrarbdroplét§izel T h  OE C

and these principles do not change in static, dynamic, or energyodified PIPAC.
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For this reason, droplet size can be considered the trugrimary parameter of the method,
whereas the spray angle remains a situational variable dependent on the chosen technique. It is
therefore essential for both the surgeon and the technologist to consider application not through

the simplistic lens of a linear relationship ketween angle and distribution quality, but through the

physical context in which the aerosol is being used.

In PIPAC and PITAC, there is no such thing as an optimal atomizer based solely on
spray angle.
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Safety During PIPAC and PITAC

Introduction

Safety in performing PIPAC and PITAC is far more complex than often assumed. The issue extends
well beyond the risk of aerosol leakage from the abdominal or thoracic cavity or from the
operating room, which is traditionally the most frequently discussed tpic. The truly critical
component of risk management is directly linked to the construction of the atomizer itself and to

the physical demands that clinical application places upon it.

The atomizer operates under extremely high pressuresreaching levels comparable to
industrial high-pressure systems and therefore must be engineered to withstand mechanical
stress, thermal fluctuations, and the chemical aggressiveness of cytotoxic drugsy/Astructural

failure would not only compromise the distribution of the drug but could also pose an acute

danger to the patient and the entire surgical team.

These pressures are the foundation of all risk control measures associated with cytostatic
aerosolization. High pressure directly affects the size of aerosol droplets as well as their
momentum, velocity, turbulence, and spatial spread within the cavity, #reby influencing the
potential exposure risk for staff. Every change in pressure intentional or accidentak modifies

the physical behavior of the entire system.

It is therefore essential to understand that the safety of PIPAC/PITAC does not depend solely on
airtight trocar fixation or proper exhaust filtration, but equally on the mechanical robustness of
the atomizer, its pressure tolerance, valve engineering, artie ability to precisely and safely
regulate the injector pressure. Only when mechanical and pressure stability of the device is

ensured can all other risk factors linked to aerosolized chemotherapy be managed effectively.

Atomizer Construction

From a safety standpoint, the construction of the atomizer is one of the most critical components

of both PIPAC and PITAC, because the atomizer is the place where extremely high pressure is
accumulated and released. The internal architecture may be baseither on moving mechanical

parts (especially in swirling-type nozzles), such as a piston or membrane, or on a fully static

ET OAOT Al AARAOGECGT xEOE 11 11T OETC AlibpiTAT 006 AO Al
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These two principles carry fundamentally different risk profiles, especially in situations of

overpressure or deviations in expected pressure conditions.

Atomizers that contain moving part® such as a sliding piston introduce a higher degree of
mechanical risk. A moving component is exposed to repeated stress, friction, material fatigue, and
potential deformation under extreme pressure. If overpressure occwr or if there is a sudden

increase in internal resistance, the mechanical piston may react unpredictably.

It may become blocked, misaligned, crack, or even release stored pressure energy uncontrollably.

This could not only destroy the atomizer itself but, in the worst case, cause traumatic injury to

the patient or the operating team. The presence of moving paralso increases the likelihood of

malfunction due to manufacturing tolerances, contamination, wear, or chemical degradation of

materials when exposed to cytotoxic agents.
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demonstrate significantly greater pressure and mechanical safety. A static design eliminates the

risks associated with blocked mechanisms, material fatigue at echanical joints, or failure of

moving elements during sudden pressure changes.

In static atomizers, pressure is distributed more evenly, and the overall design is more robust
because it does not contain structural weak points that could fail under overload. Even in the
event of pressure spikes, failure of a static construction is faess likely, and potential damage is
considerably less catastrophic. For this reason, static atomizers are generally regarded as the

safer solution for high-pressure aerosolization of cytostatics in PIPAC and PITAC.

Overall, the construction of the atomizer fundamentally determines its resistance to overpressure
and mechanical failure. While moving components introduce a greater risk of sudden and
dangerous malfunctions, static constructions provide more predictablestable, and safer

operation. These contrasting risk profiles must always be considered when selecting an atomizer

for clinical use and when assessing the reliability of different devices.
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Atomizer with Moving Parts

>,

10

Image of a competing atomizer and its system of moving parts.

The presented atomizer contains multiple discrete mechanical parts, seals, threaded joints, and
components that, under highpressure operation, constitute potential points of weakness. An
atomizer operating in the range of tens of bar must be engineered #loat any form of failure is
rendered extremely improbable. From this perspective, it is evident that every individual

component visible in the photograph represents a possible point of critical failure.

1. A multi -part architecture increases the risk of mechanical failure
The structure consists of at least ten parts (@10), some of which are connected by
threads, pressfits, or inserts. Every joint is subjected to the stresses of pressure, which
are extreme in atomizers. The more parts a system has, the more potential ldoats exist
for material fatigue, microscopic deformation, or leakage. Higpressure systems are
safest when designed as statically sealed, monolithic bodies without internal moving

components. Here, the configuration is the opposite.

2. Internal moving components (e.g., parts 7, 9, 10) represent a significant hazard
Any internal moving part constitutes a weak point. It can deform, seize, fracture, or
experience uneven transmission of pressure forces. If the operating pressure exceeds the
design limit, small internal components are typically the first to fail. Their srall
dimensions and thin walls mean that the safety margin against high pressure is
insufficient. A failure could theoretically result in catastrophic rupture of the entire
atomizer body.
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Threaded components (e.g., 2, 5, 7) may be the weakest points under overpressure

Threads under high pressure inherently present elevated risk, particularly if they are not

precisely machined or have become worn. Within such a small atomizer, threads may

crack, deform, or even be extruded from their seating by pressure forces. If a thiktears,

the stored pressure energy may be released suddenly and dangerously. This is indirectly
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however, these toxic compounds are located inside the atomizer, and coatawith the

drug solution cannot be unequivocally excluded.

Presence of O-rings (part 8) as critical seals

O-rings are not ideal for extreme pressures, especially in combination with cytostatics,
which may chemically degrade the sealing material. Their deformation under sudden
pressure spikes may lead to aerosol leakage or total nozzle failure. If ari@g ruptures,
the pressure energy is released uncontrollably, posing a clear hazard to both the patient

and the surgical team.

Small internal nozzle elements (parts 9 and 10) are mechanically extremely

vulnerable

These microscopic components carry the greatest load, as the entire pressure energy

passes through their profile. Given their minimal size, even a microscopic manufacturing

defect can create a weak spot that may deform or rupture under high pressure. Fa#éwof

such a component could result in disintegration of the nozzle inside the patient.

The multi -DPAOO OPEOOIT AAOOEAOG j PAOO xq bi OAO O
A moving piston operating within a small metal cylinder under high pressure is a

hazardous design choice. The piston may jam, shift position during a pressure surge, or,

under overpressure, be mechanically expelled outward. In extreme cases, it may behave

similarly to a projectile.
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Modern, safe atomizers for higkpressure applications are static devices, often
manufactured from a single piece of material or with a minimal number of components.

This atomizer is the exact opposite, composed of numerous small parts whose failure may

beimmediate, unpredictable, and hazardous.
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Summary
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of small, moving, and threaded components subjected to extreme pressures. From a safety
perspective, a fully static construction without moving elements minimizing joints and

threads? offers significantly greater resistance to overpressure and effectively eliminates the
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To support this analysis, we note that the examined atomizer reached a failure overpressure of
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SKALA Pressurization Risk Model: Component Vulnerability Under High Pressure

Relative Pressurization Risk (arb. units)

1 2 3 4 5 6 7 8 9 10
Atomizer Component

The graph illustrates the relative risk level of individual atomizer components when exposed to
the high pressures typical of PIPAC or PITAC applications. Each of the ten device components is
represented by one column, and the value on the vertical axisgesses the likelihood of failure

or mechanical vulnerability of the given part under pressure load. The purpose of the graph is not
to quantify absolute risk, but to visually highlight differences between various types of structural

elements and to draw &ention to their potential weak points.

The graph clearly shows that the highest risk is associated with small and mobile components
that bear the primary pressure loac particularly components 7, 9, and 10. These parts are small,
have thin walls, and are subjected to the highest pressure gradierEven minor manufacturing

deviations, wear, or material fatigue can lead to failure, which at such high pressures is always
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sudden and potentially hazardous. Such a failure may not only disrupt atomization but, in
extreme cases, lead to nozzle disintegration, sudden pressure release, or injury to the patient.
Another category of elevated risk involves threaded components, typically parts 2, 5, and 7.
Threads are points where microcracks, deformation, or gradual loosening may occur, especially
under repeated use and sterilization. Under higipressure load, threals may fail in a manner that

results in rapid release of stored pressure energy.

Intermediate risk levels are associated with components such as parts 4 or 8, which play roles in
sealing or closing the system. If these elements lose integritye.g., an &ing through degradation
or displacement this can result in aerosol leakage or deabilization of the pressure profile

within the nozzle.

The lowest risk is posed by larger components, such as the nozzle body (part 1), which has a
greater surface area for distributing pressure forces and does not rely on micromechanical

function.

Overall, the graph demonstrates that an atomizer design based on numerous small,
interconnected, and often mobile parts inherently carries a significant degree of pressurelated

risk. These risk points accumulate and increase the probability of mechanidailure, particularly

under repeated use, elevated pressures, or material degradation. Static, monolithic constructions

without moving parts, without threaded joints inside the pressure chamber, and with a

minimized number of connections are therefore mekedly safer.
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joint, and its failure overpressure has been demonstrated to reach 123.6 bar.
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SKALA Model: Overpressure Resistance per EN I1ISO 1402
with PIPAC/PITAC Operating Pressure Reference (21 bar)

123.6 bar
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TOPOL® Atomizer Comparator Atomizer

Incident inclinicalPractice
Below is a vigilancebased description of an incident involving a competing device with moving

parts, based on the document 6 ) 3 $ % 8ated B6Npvéniher 2023.

The safety alert concerns an incident in which the higlpressure section of a competing nebulizer
failed. According to the document, the device intended exclusively for research purposes and

withdrawn from clinical use? was mistakenly used during an experirent.

As stated on the first page of the document, at an application pressure of 18 bar approximately
10 ml of solution leaked from the highpressure line, indicating a loss of integrity of the system
under routine PIPAC operating conditions. Although the solutih used was nortoxic and nobody
was injured, the mere fact that the failure occurred at a suthreshold pressure demonstrates

insufficient structural resilience of the high-pressure section of the device.

This raises concerns regarding the robustness of the design, manufacturing tolerances, and the

actual pressuremechanical resistance of the system.
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The document further states that each unit produced by the competitor is individually tested up

to 21 bar, corresponding to the validated clinical pressure used in PIPAC applications.

&1 11T xET ¢ OEA ETAEAAT Oh AAAEOETT AT OAOOO xAOA
determine whether the event was isolated or indicative of a systemic flaw. The fact that the device
failed already at 18 bar below the validated limit? suggests gher an insufficient safety margin

in the design or unitto-unit variability significant enough to cause unstable outcomes.

This is particularly serious given that, in PIPAC/PITAC procedures, higiressure components
must bemany times safer than the operating pressure, since even the slightest failure may result
in uncontrolled release of cytostatic aerosol into the operating room. The document indirectly
confirms this by acknowledging that the risk of chemotherapy dispersion exists and isitigated
only by robust safety measures. A similar leak in a real clinical scenario would constitute severe

environmental contamination.
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clinical measure, to place a sterile protective sleeve over the entire higiressure hose (page 2).

In practice, this means that the higkpressure line itself cannot reliably guarantee tightness,
necessitating an external protective cover. The recommendation to secure the sleeve with
adhesive tape, attach the chemotherapy syringe, lock the Luer connect@nd place the entire
connection inside the protective enclosure is an improvised emergency workaround rather than

a technical correction.

From an engineeringsafety standpoint, this means that the design flaw was not eliminated but

bypassed, shifting responsibility for ensuring safety onto clinical staff.

The document also states that an October 2023 test of the protective sleeve demonstrated no
failure. However, this pertains only to the external cover, not to the intrinsic pressure resistance

of the internal high-pressure line, which is the true source ofisk.
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pressure-bearing component.

From the SKALAmModel perspective, this situation reveals several fundamental issues:

1. Insufficient pressure reserve
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An atomizer used with cytostatics must fail at pressures far above the operating range (cf.
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2. Probable unit -to-unit variability
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consistency.

3. Lack of intrinsic safety
The requirement for an external protective sleeve shows that the system is not inherently

safe.

4. High risk of clinical contamination
In real clinical use, failure at 18 bar would lead to a release of cytostatic aerosol,

representing a serious occupational hazard.

5. Mitigation measures shifted to clinicians rather than designers
The recommended procedure (sleeve, tape, additional handling steps) is merely a

workaround. It does not address the root cause.

Overall, the document demonstrates that the pressurbearing section of the competing device
with moving parts exhibits vulnerabilities that do not meet the expected level of mechanical
safety for equipment used in a higkrisk aerosolization environment. Rilure at 18 bar clearly
indicates that the structural pressure reserve is grossly inadequate, and reliance on external

shielding is only a temporary substitute not a genuine protective solution.

From the Perspective of Atomizer Geomeftyapes
When evaluating the safety and functionality of an atomizer, its design cannot be separated from
the environment in which it is usecd namely the trocar into which it is inserted during PIPAC or

PITAC application.

The trocar represents a fixed mechanical channel with a limited internal diameter and a precisely
defined space in which the atomizer must move freely without mechanical friction, snagging, or
collision. From this standpoint, it is essential that the atonzier body be as simple, smooth,

cylindrical, and free of protrusions, edges, or transitional steps as possible.

Any structural element extending into the profile of the body such as threaded rings, intefpart

edges, joints, sharp contours, protrusions of moving mechanical components, or sites where the
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diameter changes abruptly creates a potential risk of mechanical interference with the inner
wall of the trocar. If the atomizer becomes stuck, slowed, or caught inside the trocar, not only may
the device itself be damaged, but certain partsalready exposel to extreme pressures may
experience sudden overload. This can weaken the material, cause fracture of a component, or, in
the worst case, compromise system integrity and lead to aerosol leakage into the surrounding

environment.

Collisions between the atomizer and trocar also jeopardize precise targeting. Proper
aerosolization requires the atomizer to remain stable, correctly aligned within the trocar, and
free from lateral stress that may arise when an uneven atomizer surface dawts the trocar wall.

A smooth, continuous, perfectly circular surface4/ 0 /), altbws pressure to be distributed
evenly and ensures easy manipulation of the device without unwanted movement or torsien

especially during insertion and withdrawal from the trocar.

In contrast, angular, segmented, or mukielement designs generate micranovements and zones
where the atomizer may tilt or bind, leading to noruniform aerosol distribution and altered

nozzle orientation.

Another important aspect is sterility and cleanability. Any transition, gap, or external joint
constitutes a potential site for contamination or accumulation of biological material during
manufacturing. With a simple, smooth body, sterility assurance andeaning are significantly
easier, more reliable, and safer. From a clinical standpoint, complex geometry is not merely

unnecessary itis undesirable.

For these reasons, atomizers intended for trocar use benefit fundamentally from monolithic
construction without protrusions, gaps, profile interruptions, or any elements that could increase

the risk of mechanical interference.

A smooth, round body provides not only safer handling but also a more stable overall function of
the system. In the context of higipressure aerosolization methods, where any mechanical defect
may lead to pressurerelated failure, mechanical simplicity beomes one of the key determinants

of true safety.
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Incident inClinicalPractice
A report from the U.S. MAUDE database (MDR 7031242) describes an event in which, during a

laparoscopic procedure using the PIPAC method in 2017, a mechanical issue occurred involving
the trocar port.

Specifically, the sleeve of the trocar became stuck, preventing free movement of the instrument
inside the port. This mechanical interference required the procedure to be interrupted, the

equipment to be replaced, and consequently prolonged the overall ogaive time.

Although the patient was not endangered and no injury occurred, the event highlights a
significant weakness in the compatibility of the equipment used. After the return of the two
affected units, the manufacturer did not identify any manufacturing defect uting testing,

indicating that the problem most likely arose in the clinical environment and may have been
influenced by the specific combination of trocar, instrument, port geometry, sterilization, or

method of insertion.

From the perspective of design safety, this event clearly demonstrates that the overall system
during a PIPAC procedure does not function merely as a sum of individual devices, but as a

mechanically interconnected whole.

Even if the atomizer or instrument itself meets all pressure and technical specifications, problems
may arise at the level of its interaction with the trocar channel particularly in relation to its

geometry.

If free, smooth, resistanceree motion of the nozzle inside the port is not ensured, the instrument
may snhag, become misaligned, develop undesirable tension, or experience increased friction. In a
high-pressure aerosolization environment, even minor mechaical loading may lead to

unexpected stress on the device and alter its behaviour.

This incident therefore shows that PIPAC safety is determined not only by the reliability of the
atomizer itself, but also by its geometric compatibility with the trocar port, the smoothness of the

atomizer body, and sufficient tolerance to possible deviains during the procedure.
Unobstructed passage of the instrument through the trocar channel is essential not only to ensure

safe handling and proper orientation of the nozzle, but also to prevent undesirable mechanical

stresses that could increase the risk of failure under high pssure. The incident thus underscores
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the importance of both pressure integrity and mechanical integrity of the entire system used in
PIPAC.

Potential pathways of aerosol leakage

Aerosol leakage during PIPAC or PITAC represents a complex physical phenomenon arising from
the combination of ultrafine aerosol droplets, intraluminal overpressure, and turbulent flow
within the peritoneal or pleural cavity. At the moment the drug is atorized under high pressure,

an aerosol spectrum is generated that includesinherently and unavoidably? very small

droplets below 30 micrometres.

These fine particles are extremely light, possess negligible inertia, and behave within the

capnoperitoneum or capnopleura like a mist easily carried by any gas movement.

Because PIPAC operates within an established capnoperitoneum and PITAC within a
capnopleura, the cavity is maintained under overpressure, whose purpose is to create a working

space, as described in the chapt&apnoperitoneum

However, this overpressure simultaneously generates a persistent pressure gradient between the
internal cavity and the surrounding environment. Aerosol, like any gas or liquid, moves toward
the region of lower pressure (the operating theatre). If the syst® contains microscopic leaks
such as slightly imperfect trocar seals, valves, or transitions between instruments and ports

even extremely fine droplets can be forced outward by the pressure gradient.

Another factor increasing the risk of leakage is turbulence within the cavity. Fine droplets are so
light that they respond even to small turbulent eddies and may be transported by these flows

toward leakage points.
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tissue folds, or pressure fluctuations during application and especially from the spray jet.

Added to this is the previously mentioned influence of injector pressure. Higher pressure
produces finer droplets, which are much more susceptible to being carried by airflow. If the
pressure exceeds the optimal range, the droplets lose stability, remainspended for longer, and

their probability of reaching the trocar opening or the venting system increases in a

mathematically and physically predictable manner.

EOT i
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PIPAC vs. PITAC
In the pleural cavity, the risk of aerosol leakage is even higher than in the peritoneum because

respiratory mechanics generate periodic pressure changes that further mobilize the aerosol.
Exhalation currents and even small shifts in organ position can eahce the transport of fine

droplets.

During PITAC, the position of the lung in each phase of the respiratory cycle plays a fundamental
role in determining how the aerosol behaves inside the pleural cavity and how high the risk of its
escape from the operative environment is. During inspiratin, expansion of the thoracic cage and
the lung itself leads to a decrease in intrathoracic pressure, creating a subtle negatimeessure

gradient.

This causes fine aerosol particles to be drawn toward peripheral regions of the pleural cavity and
toward any location where even a minimal leak may be present in a port or instrument.

Because these small particles respond to microscopic flow changes like a light mist, they may be
carried closer to the trocar or instrument boundary precisely at the moment when the

intrathoracic pressure is at its lowest.

Lung expansion simultaneously generates mechanical turbulence; the motion of the lobes and the
change in their shape significantly disturb the stability of the aerosol field and create vortical

structures that may direct particles toward potential leakagesites.

In contrast, during expiration the pulmonary parenchyma is compressed, the thoracic cavity
develops a relatively higher pressure, and a pressure wave forms that acts directly on the aerosol

cloud.

This expiratory overpressure may push aerosol particles outward (together with the
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connection at that moment, a brief, invisible micreexpulsive aerosol escapenay occur.

This mechanism is far more pronounced with fine droplets, which have minimal mass and are
carried almost instantaneously by any pressure shift. Compression of the aerosol field during
expiration also increases local particle concentration and directsit o AOA OEA T AAOAOO «
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Crucially, during PITAC these two opposing flow situations alternate hundreds of times

throughout the procedure.

Inspiration promotes the drawing of fine droplets toward pressure differentials and microleaks,
whereas expiration actively expels them outward in the form of micropressure waves. The result

is an extremely dynamic aerosol environment continuously reactingp the respiratory cycle.

Combined with the overpressure of the capnopleura and the presence of very fine droplets, the
aerosol becomes highly mobile and extremely sensitive even to minimal breaches in system
integrity. For this reason, the position of the lung during inspiration ad expiration is one of the

primary physical factors determining aerosol leakage risk during intrathoracic drug application.

All of this means that aerosol leakage is not a singfactor problem transferable into a unified
study or experiment; it must be approached primarily from the perspective of fluid dynamics and
with clear distinction between PIPAC and PITAC.

PITAC carries a higher risk of aerosol leakage from the cavity.
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