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Discover the physics that is changing PIPAC and PITAC. 

Order in the Spray ɀ The Physics of PIPAC/PITAC is a book that, for the first time, unveils the 

complete physical background of aerosol chemotherapy and reveals what truly happens inside 

body cavity. 

 

No simplifications, no laboratory illusionsɂonly the real dynamics of particles, 

turbulence,collisions, evaporation, and clinical reality. 

 

This book dismantles established misconceptions, introduces a new standard of scientific 

thinking, and uncovers mechanisms that have long escaped both researchers and device 

manufacturers. Fundamental concepts such as the SKALA Model, hotspotɀshadow zone 

dynamics , and the optimal droplet size of 30 ɀυπ АÍ redefine PIPAC and PITAC as a precise 

physical process. 

 

It is written for surgeons, engineers, medical device developers, and scientists who seek to truly 

understand what determines the effectiveness, safety, and future of PIPAC and PITAC. 

 

This is not just a book.  

It is the new physical foundation of the entire method.  
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This book is an independent scientific and educational work focused on the physical and 

engineering principles of aerosol chemotherapy. All critique of methods, technologies, or 

experiments is based solely on physical laws, available data, and generally accepted 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 objectivity 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.  
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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 the monopoly 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 clinical, technical, and ethical practice, 

frequently disregarding essential principles of fluid mechanics, spray-system engineering, and 

aerosol physics. 

 

A particularly concerning trend is the increase in experiments employing methodologies that lack 

validityɂwhether through inappropriate animal models, amateur-grade measurement tools, or 

interpretations of data that are not transferrable to the actual environment of the human cavity. 

Publications have appeared, for example, based on particle measurements using hobby-grade 

lasers or on experiments conducted under anatomically and physically inadequate conditions. 

Such studies are often authored by individuals 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. 

 

4ÈÅ ÒÉÓË ÌÉÅÓ ÉÎ ÔÈÅ ÆÁÃÔ ÔÈÁÔ ÓÕÃÈ ȰÄÁÔÁȱ ÁÒÅ ÓÕÂÓÅÑÕÅÎÔÌÙ ÃÉÔÅÄȟ ÒÅÐÌÉÃÁÔÅÄȟ ÁÎÄ ÄÉÓÓÅÍÉÎÁÔÅÄ 

without critical evaluation, gradually creating an illusion of consensus. This dynamic then 

influences clinical decision-making, commercial marketing, and technological development. A 

precedent is thus established in which well-intentioned 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 harmedɂthe 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 principles governing 

ÐÁÒÔÉÃÌÅ ÂÅÈÁÖÉÏÒ ÉÎ Á ÔÕÒÂÕÌÅÎÔ #/Ϝ ÅÎÖÉÒÏÎÍÅÎÔȟ ÏÎ ÔÈÅ ÄÅÓÉÇÎ ÁÎÄ ÏÐÅÒÁÔÉÏÎÁÌ ÐÁÒÁÍÅÔÅÒÓ ÏÆ 

atomizers, on the key differences between laboratory models and the actual capnoperitoneum, 

and on the interpretation of phenomena that directly affect 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 aerosol-based applications. The approach presented here is grounded in modern fluid 

mechanics, validated CFD models, and human dataɂnot 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 therefore offers a 

return to the fundamentumɂto the physics that determines the true behavior of aerosols in the 

peritoneal and pleural cavitiesɂwhile also equipping readers with tools for critically evaluating 

experimental data and commercial claims. PIPAC is analyzed 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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Basic Concepts 

 
 
 

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 interpret the later chapters devoted to trajectories, 

deposition, turbulent flow, and atomizer design. 
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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 efficacy and safety are governed 

ÂÙ ÐÈÙÓÉÃÓȡ #/Ϝ ÆÌÏ× ÄÙÎÁÍÉÃÓȟ ÄÒÏÐÌÅÔ ÓÉÚÅȟ ÎÏÚÚÌÅ ÔÙÐÅȟ ÔÕÒÂÕÌÅÎÃÅȟ ÁÎÄ ÍÕÌÔÉÐÈÁÓÅ ÉÎÔÅÒÁÃÔÉÏÎÓȢ 

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, CFD, atomizers, 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 ɀ What You Will Learn in This Chapter  

After reading this chapter, the reader will be able to: 

¶ explain what determines the behavior of aerosol droplets, 

¶ understand the difference between a hollow cone and a vortex nozzle, 

¶ describe how hotspots and shadow zones arise, 

¶ understand why droplet size is a key factor, 

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

diameter), 

¶ ÕÎÄÅÒÓÔÁÎÄ ÈÏ× #/Ϝ ÆÌÏ× ÉÎÓÉÄÅ ÔÈÅ ÃÁÖÉÔÙ ÁÆÆÅÃÔÓ ÄÒÕÇ ÄÉÓÔÒÉÂÕÔÉÏÎȟ 

¶ interpret experimental and CFD results throughout the rest of the book. 

 

1. Why Physics Is the Key to Successful Aerosol Chemotherapy 

0)0!# ÁÎÄ 0)4!# ÁÒÅ ÏÆÔÅÎ ÄÅÓÃÒÉÂÅÄ ÁÓ ȰÌÁÐÁÒÏÓÃÏÐÉÃ ÃÈÅÍÏÔÈÅÒÁÐÙȟȱ ÙÅÔ ÆÒÏÍ Á ÐÈÙÓÉÃÁÌ 

standpoint they are aerosol dynamics systems : 

¶ #/Ϝ = the transport medium that carries energy, vortices, and pressure gradients 

¶ drug droplets  = particles with different mass, inertia, and surface tension 
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Treatment outcome is the result of: 

¶ 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. 

For this reason, physics does not simply determine how the nozzle spraysɂit directly influences 

the clinical result . 

 

2. Droplet Size ɀ A Fundamental Parameter  

Droplet size determines: 

¶ sedimentation rate, 

¶ degree of drift, 

¶ inertia, 

¶ sensitivity to turbulent fluctuations, 

¶ final deposition pattern. 

 

2.1 How Different Droplets Behave  

Droplet Size  Behavior  Consequence 

Ѓ ςπ ʈÍ ÆÏÌÌÏ× #/Ϝ ÆÌÏ× drift, may stagnate in vortices 

Ђ σπ ʈÍ optimal balance uniform deposition 

Є υπ ʈÍ high inertia ÉÍÐÁÃÔ ÁÔ Á ÓÉÎÇÌÅ ÐÏÉÎÔ ᴼ ÈÏÔÓÐÏÔ 
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 Physics Box ɀ Stokes Number 

The Stokes number (Stk)  ÉÎÄÉÃÁÔÅÓ ×ÈÅÔÈÅÒ Á ÄÒÏÐÌÅÔ ÃÁÎ ȰÔÕÒÎȱ ×ÉÔÈ ÔÈÅ ÁÉÒÆÌÏ×Ȣ 

¶ Stk < 1 O  ÄÒÏÐÌÅÔ ÆÏÌÌÏ×Ó ÔÈÅ ÓÔÒÅÁÍÌÉÎÅ 

¶ Stk > 1 O  ÄÒÏÐÌÅÔ ÃÏÎÔÉÎÕÅÓ ÓÔÒÁÉÇÈÔ ᴼ ÈÏÔÓÐÏÔ ÆÏÒÍÁÔÉÏÎ 

 

σȢ #/Ϝ &ÌÏ× )ÎÓÉÄÅ ÔÈÅ #ÁÖÉÔÙ ɀ From Laminarity to Turbulence  

The capnoperitoneum consists of: 

¶ jet flow  produced by the nozzle, 

¶ a central recirculation vortex , 

¶ slow peripheral flow , 

¶ turbulent fluctuations . 

These structures determine: 

¶ where droplets can deposit, 

¶ where they accumulate, 

¶ where they stagnate. 

 

4. Hollow Cone vs. Vortex Nozzle ɀ Key Understanding  

4.1 Vortex Nozzle (Swirl Nozzle)  

¶ produces a high-energy axial jet, 

¶ deposition is concentrated at the center, 

¶ results in a hotspot . 

4.2 Hollow Cone 

¶ generates a ring-shaped droplet pattern, 

¶ deposition is more uniform, 

¶ hotspot formation is minimized, 
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¶ diffusion later fills the center. 

 

 Physics Box ɀ Why Hollow Cone Reduces Hotspots 

Droplets land in a ring , not in a single point. 

Diffusion, turbulence, and capillary spread then smooth the pattern into a homogeneous circle. 

 

5. Hotspots and Shadow Zones ɀ Why They Occur 

5.1 Hotspot  

A region of excessive deposition caused by: 

¶ large droplets, 

¶ solid-stream behavior of the nozzle, 

¶ high axial kinetic energy, 

¶ impact into a single location. 

5.2 Shadow Zone 

A region of insufficient deposition resulting from: 

¶ recirculating vortices, 

¶ inappropriate nozzle orientation, 

¶ anatomical obstacles, 

¶ poor droplet size distribution. 

Shadow zones can be modeled (CFD) and visualized, but cannot be fully eliminated ɂthey are 

physically inevitable. 

 

6. Demonstration Experiment ɀ Marker Pen and Paper  

This simple experiment can be performed anywhere: 

Hotspot (vortex nozzle analogy)  

¶ Press the tip of a marker vertically onto the paper. 
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¶ ! ÄÁÒËȟ ÓÈÁÒÐ ÄÏÔ ÁÐÐÅÁÒÓ ᴼ hotspot . 

Hollow cone  

¶ Gently trace a small circle with the marker. 

¶ ! ÒÉÎÇ ÆÏÒÍÓ ᴼ ÁÆÔÅÒ Á ÍÏÍÅÎÔ ÉÔ ÇÒÁÄÕÁÌÌÙ ÆÉÌÌÓ ᴼ homogeneous deposition . 

This experiment vividly shows how two different nozzle designs  lead to two different 

clinical outcomes . 

 

7. How Droplets Travel Inside the Cavity  

Droplets are influenced by: 

¶ gravity, 

¶ aerodynamic drag, 

¶ turbulent dispersion, 

¶ pressure gradients, 

¶ vortices, 

¶ cavity walls. 

Thus, even two droplets of the same 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 

¶ !ÅÒÏÓÏÌ ÃÈÅÍÏÔÈÅÒÁÐÙ ÉÓ Á ÐÈÙÓÉÃÁÌ ÄÉÓÃÉÐÌÉÎÅ ÄÒÉÖÅÎ ÂÙ ÄÒÏÐÌÅÔ ÄÙÎÁÍÉÃÓ ÁÎÄ #/Ϝ ÆÌÏ×Ȣ 

¶ Droplet size is a critical parameter determining deposition. 

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

¶ Shadow zones are not accidental but a physical consequence  of the flow field. 

¶ The marker-paper experiment is an intuitive demonstration of nozzle behavior. 

¶ Understanding basic physics is essential for reading advanced chapters of the book. 
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Review Questions 

1. 7ÈÙ ÄÏ ÄÒÏÐÌÅÔÓ Ѓ ςπ ʈÍ ÄÒÉÆÔ ÍÏÒÅ ÔÈÁÎ υπ ʈÍ ÄÒÏÐÌÅÔÓȩ 

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? 
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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 justifies mentioning PITAC in this 

workɂnot 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 contains 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 impression is 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 dynamic wall 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 fluid-dynamically more dynamic in time rather than 

space. 

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

principles of aerosolization and pressurization, yet its physical dynamics are governed 

ÄÉÆÆÅÒÅÎÔÌÙȢ 7ÈÉÌÅ 0)0!# ÔÁËÅÓ ÐÌÁÃÅ ÉÎ Á ȰÓÔÁÔÉÃ ÒÏÏÍ ÆÉÌÌÅÄ ×ÉÔÈ ÃÏÍÐÌÅØ ÆÕÒÎÉÔÕÒÅȟȱ 0)4!# ÏÃÃÕÒÓ 

ÉÎ Á ȰÓÉÍÐÌÅ ÒÏÏÍ ×ÉÔÈ Á ÍÏÖÉÎÇ ×ÁÌÌȢȱ 4ÈÉÓ ÁÎÁÌÏÇÙ ÃÁÐÔÕÒÅÓ ÔÈÅ ÆÁÃÔ ÔÈÁÔ ÁÌÔÈÏÕÇÈ ÔÈÅ Ô×Ï 

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 many atomization 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 conclusions. 

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. The graph 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 own right and is included here only to the extent necessary to complement the 
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broader perspective of intracavitary aerosol therapy, which PIPAC and PITAC together 

encompass. 

 

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 the following 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 

detailɂfrom turbulence and evaporation 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. 



 18 

  



 19 

PIPAC 
Pressurized Intraperitoneal Aerosol Chemotherapy (PIPAC) is a method of intraperitoneal 

chemotherapy in which the drug is administered into the peritoneal cavity as a high-pressure 

aerosol under controlled capnoperitoneum conditions. 

 

The procedure employs: 

¶ #/Ϝ ÉÎÓÕÆÆÌÁÔÉÏÎ ÔÏ ÃÒÅÁÔÅ ÁÎ ÏÐÅÒÁÔÉÖÅ ÓÐÁÃÅ ×ÉÔÈ Á ×ÏÒËÉÎÇ ÐÒÅÓÓÕÒÅ ÏÆ ρςɀ15 mmHg, 

¶ a high-pressure atomizer to generate aerosol droplets at an operating pressure of 100ɀ

330 psi, 

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

 

PIPAC is classified into: 

Ɇ ÓÔÁÔÉÃ 0)0!#ȟ 

Ɇ ÄÙÎÁÍÉÃ 0)0!#ȟ 

Ɇ Å0)0!#Ȣ 

 
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 

ÓÐÒÁÙȟ ÔÈÅ ÔÕÒÂÕÌÅÎÔ #/Ϝ ÆÌÏ×ȟ ÁÎÄ ÔÈÅ ÉÎÔÅÒÁÃÔÉÏÎ ÏÆ the droplets with peritoneal anatomy. 
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Static PIPAC 

 

 
 

Definition 

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

ÆÏÒÍȟ ÉÎ ×ÈÉÃÈ ÔÈÅ ÁÔÏÍÉÚÅÒ ɉÎÅÂÕÌÉÚÅÒɊ ÉÓ ÉÎÔÒÏÄÕÃÅÄ ÉÎÔÏ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÁÂÄÏÍÉÎÁÌ ÃÁÖÉÔÙ ÄÕÒÉÎÇ 

a laparoscopic procedure but remains fixed in a single position without active movement or 

manipulation. After insertion, the surgeon and most of the operating-room staff physically leave 

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

control room. The subsequent distribution 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. 
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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: 

¶ respond immediately to an unexpected complication, 

¶  ÉÎÔÅÒÖÅÎÅ ÄÕÒÉÎÇ ÁÎ ÁÃÕÔÅ ÃÈÁÎÇÅ ÉÎ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÃÏÎÄÉÔÉÏÎȟ 

¶ 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: 

¶ a sense of loss of control, 

¶ stress arising from a situation that cannot be influenced in real time, 

¶ anxiety associated with monitoring the patient only remotely via cameras, 

¶ ÐÅÒÓÏÎÁÌ ȰÍÉÎÄÓÅÔ ÆÁÉÌÕÒÅȟȱ ÓÕÃÈ ÁÓ ÔÈÅ ÐÅÒÓÉÓÔÅÎÔ ÔÈÏÕÇÈÔȡ Ȱ7ÈÁÔ ÉÆ ÔÈÅ ÁÔÏÍÉÚÅÒ ÓÈÏÕÌÄ 

ÈÁÖÅ ÂÅÅÎ ÐÏÓÉÔÉÏÎÅÄ ÄÉÆÆÅÒÅÎÔÌÙȩȱ 

¶ internal dilemmas such as: Ȱ7ÈÅÒÅ ÓÈÏÕÌÄ ) ÁÉÍȟ ×ÈÅÎ ÄÉÓÅÁÓÅ ÉÎÖÏÌÖÅÍÅÎÔ ÉÓ ÎÅÁÒÌÙ 

ÅÖÅÒÙ×ÈÅÒÅȩȱ 

 

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: 

¶ omental recesses, 

¶ pelvic compartments, 

¶ 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. 
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αI know the risks, I switch on the autopilot, and I leave the spray behavior entirely 
ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΦέ 
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Dynamic PIPAC

 
Definition 

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, and direction 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 

ÒÅÍÁÉÎ ÁÔ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÓÉÄÅȟ ÃÏÎÔÉÎÕÏÕÓÌÙ ÍÏÎÉÔÏÒ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÃÏÎÄÉÔÉÏÎȟ ÃÏÎÔÒÏÌ ÔÈÅ ÄÏÓÉÎÇ 

process, and physically manipulate the atomizer throughout the entire application. The 

procedure is performed under direct visual control via laparoscopy. 
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Advantages of Dynamic PIPAC 

The surgeon maintains continuous control over the patient  

¶ remains present in the operating room, 

¶ ÃÁÎ ÒÅÁÃÔ ÉÍÍÅÄÉÁÔÅÌÙ ÔÏ ÃÈÁÎÇÅÓ ÉÎ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÃÏÎÄÉÔÉÏÎȟ 

¶ can intervene or convert the procedure if a complication arises. 

4ÈÉÓ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÒÅÄÕÃÅÓ ÔÈÅ ÓÕÒÇÅÏÎȭÓ ÐÓÙÃÈÏÌÏÇÉÃÁÌ ÂÕÒÄÅÎ ÁÎÄ ÉÎÃÒÅÁÓÅÓ ÐÁÔÉÅÎÔ ÓÁÆÅÔÙȢ 

 

Targeted and flexible aerosol distribution  

Thanks to the mobility of the atomizer, it is possible to: 

¶ cover anatomically complex regions, 

¶ focus on specific lesions or recesses, 

¶ ÒÅÄÕÃÅ ȰÓÈÁÄÏ×ȱ ÚÏÎÅÓ ×ÉÔÈ ÉÎÓÕÆÆÉÃÉÅÎÔ ÅØÐÏÓÕÒÅȢ 

 

Greater adaptability to diverse anatomical conditions  

Suitable even for patients with: 

¶ adhesions, 

¶ postoperative alterations, 

¶ atypical peritoneal topography. 

 

Improved visual control of the process  

The surgeon observes the aerosol in real time and can: 

¶ assess distribution, 

¶ adjust pressure, position, and direction, 

¶ optimize treatment efficacy. 

 

Psychological advantage for the surgeon  

4ÈÅÙ ÒÅÍÁÉÎ ÉÎ Á ÓÁÆÅ ÐÏÓÉÔÉÏÎ ×ÈÉÌÅ ÓÔÉÌÌ ÆÕÌÆÉÌÌÉÎÇ ÔÈÅÉÒ ÉÍÍÅÄÉÁÔÅ ÒÏÌÅ ÁÔ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÓÉÄÅȟ 

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  

Ɇ ÁÃÔÉÖÅ ÍÁÎÉÐÕÌÁÔÉÏÎ ÏÆ ÔÈÅ ÁÔÏÍÉÚÅÒȟ 

Ɇ ÕÎÄÅÒÓÔÁÎÄÉÎÇ ÏÆ ÆÌÕÉÄ ÍÅÃÈÁÎÉÃÓȟ 

Ɇ ÐÒÅÃÉÓÅ ÃÏÏÒÄÉÎÁÔÉÏÎ ÏÆ ÍÏÖÅÍÅÎÔ ÁÎÄ ÓÕÓÔÁÉÎÅÄ ÆÏÃÕÓȟ 

Ɇ ÔÈÅ ÁÂÉÌÉÔÙ ÔÏ ÉÎÔÅÒÐÒÅÔ ÁÅÒÏÓÏÌ ÄÉÓÔÒÉÂÕÔÉÏÎ ÁÎÄ ÍÁËÅ ÒÁÐÉÄ ÊÕÄÇÍÅÎÔÓȟ 

Ɇ ÉÎÃÒÅÁÓÅÄ ÒÅÑÕÉÒÅÍÅÎÔÓ ÆÏÒ ÐÌÁÎÎÉÎÇ ÁÎÄ ÁÎÔÉÃÉÐÁÔÉÏÎȢ 

 

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: 

Ɇ ÒÏÂÕÓÔ ÐÒÏÔÅÃÔÉÏÎ ÁÇÁÉÎÓÔ ÁÅÒÏÓÏÌ ÌÅÁËÁÇÅȟ 

Ɇ ÓÐÅÃÉÁÌÉÚÅÄ ÆÉÌÔÒÁÔÉÏÎ ÁÎÄ ÖÅÎÔÉÌÁÔÉÏÎ ÓÙÓÔÅÍÓȟ 

Ɇ ÓÔÒÉÃÔ ÁÄÈÅÒÅÎÃÅ ÔÏ ÓÁÆÅÔÙ ÐÒÏÔÏÃÏÌÓȢ 

 

I have considered the risks. I know what I am targeting, what I intend to affect, 
and how to do it. 
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ePIPAC 

Definition of ePIPAC (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 deposition, 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 conventional PIPAC, the particles are 

extremely fine and do not possess sufficient momentum. 

 

The peritoneal wall acts as the counter-electrode (a grounded surface). The charged droplets are 

accelerated toward the tissue by electrostatic forces. 

¢ƘŜ ŀŜǊƻǎƻƭ Ƴǳǎǘ ōŜ άŀƴŎƘƻǊŜŘέ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜǎ ƛƴ ƻǊŘŜǊ ǘƻ ŀŎƘƛŜǾŜ ŀ ƳƻǊŜ ǎǘŀōƭŜ 
aerosol field, because fine and lightweight particles do not behave predictably 

within it. 

4ÈÅ Å0)0!# ÍÅÔÈÏÄ ÉÓ Á ÈÉÇÈÌÙ ÕÓÅÆÕÌ ȰÒÅÁÌÉÔÙ ÔÅÓÔȱ ÆÏÒ ÔÈÅ ÃÏÎÃÅÐÔÓ ÔÈÁÔ ×ÉÌÌ ÂÅ ÆÕÒÔÈÅÒ ÆÏÒÍÕÌÁÔÅÄ 

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 advantageɂnamely higher momentumɂwhich results in 

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

 

Å0)0!# ÉÓ ÔÈÅÒÅÆÏÒÅ Á ÍÏÒÅ ÃÏÍÐÌÅØ ȰÐÁÔÃÈȟȱ Á ËÉÎÄ ÏÆ ÂÏÏÓÔ ÄÅÓÉÇÎÅÄ ÔÏ ÃÏÍÐÅÎÓÁÔÅ ÆÏÒ ÔÈÅ 

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

 

ePIPAC adds a deposition-enhancing 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)  

¶ reduces the intensity of the primary jet stream, 

¶ stabilizes particle size, 

¶ suppresses extreme turbulence and stagnation, 

¶ creates a more stable aerosol field. 

 

This results in: 

¶ fewer hotspots (areas of hyperexposure), 

¶ fewer shadow zones (areas of insufficient coverage), 

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

 

Disadvantages 

¶ higher financial cost, 

¶ the required presence of an additional active medical device, 

¶  the necessity for an expanded understanding of fluid dynamics that includes electrostatic 

phenomena. 

 

Atomizer 

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 100ɀ300 psi, 

¶ functioning on the principle of mechanical atomization, 

¶ designed to generate droplets within a defined size spectrum, 

¶ optimized for the turbulent environment of the capnoperitoneum. 

 

Atomizers intended for PIPAC/PITAC consist of:  

¶ a connection interface (LUER-LOCK), 

¶ the atomizer body, 

¶ the nozzle. 
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The key parameters of an atomizer include:  

droplet size, initial spray velocity, spray-cone 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: 

¶ ÆÉÎÅ ÄÒÏÐÌÅÔ ÓÉÚÅÓ ɉЂσπ АÍɊȟ 

¶ ÍÅÄÉÕÍ ÄÒÏÐÌÅÔ ÓÉÚÅÓ ɉЂυπ АÍɊȢ 

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 rateɂ

parameters essential for the effective formation of a therapeutic aerosol. 

 

The primary functions of the injector are: 

¶ to generate and maintain the high input pressure (typically 100ɀ330 psi) required for 

proper aerosolization of the cytostatic agent through the atomizer, 

¶ to regulate the liquid flow with high precision (typically 0.5ɀ2 ml/s).  

 

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

pressure. 
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Capnoperitoneum 
 

 

 

Definition 

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

ÐÌÅÕÒÁÌ ÃÁÖÉÔÙ ɉÁÎÁÌÏÇÏÕÓÌÙ ÉÎ 0)4!#Ɋ ÉÓ ÆÉÌÌÅÄ ×ÉÔÈ ÃÁÒÂÏÎ ÄÉÏØÉÄÅ ɉ#/ϜɊ ÔÏ Á ÐÒÅÃÉÓÅÌÙ ÃÏÎÔÒÏÌÌÅÄ 

pressure, thereby establishing a stable, controlled, and physically homogeneous environment for 

the application of the therapeutic aerosol. 

Capnoperitoneum is not a hermetically sealed space. 

Description 

)Î ÔÈÅ ÃÏÎÔÅØÔ ÏÆ 0)0!#ȟ ÃÁÐÎÏÐÅÒÉÔÏÎÅÕÍ ÉÓ ÃÒÅÁÔÅÄ ÂÙ ÉÎÓÕÆÆÌÁÔÉÎÇ #/Ϝȟ ÔÙÐÉÃÁÌÌÙ ÔÏ ρςɀ15 mmHg, 

thereby forming a pressurized space in which the aerosolized cytostatic agent can spread freely, 

remain suspended, and deposit uniformly onto peritoneal surfaces. 

 

The increased intra-abdominal 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. 

 

!ÎÁÌÏÇÏÕÓÌÙȟ ÉÎ 0)4!#ȟ #/Ϝ ÉÎÓÕÆÆÌÁÔÉÏÎ ×ÉÔÈÉÎ ÔÈÅ ÐÌÅÕÒÁÌ ÃÁÖÉÔÙ ÃÒÅÁÔÅÓ Á ÃÁÐÎÏÐÌÅÕÒÕÍȟ ×ÈÉÃÈ 
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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 chemotherapyɂit ensures 

proper particle aerodynamics, uniform distribution, safe visualization of the cavity, and pressure 

enhanced biological efficacy of the therapeutic agent. 

 

It is a turbulentτrather than a laboratory-laminarτάŜƴǾƛǊƻƴƳŜƴǘέ ƛƴ ǿƘƛŎƘ ǘƘŜ 
aerosol operates. 
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4ÈÉÓ ÆÉÇÕÒÅ ÉÌÌÕÓÔÒÁÔÅÓ Á σ$ ÍÏÄÅÌ ÏÆ ÃÁÒÂÏÎ ÄÉÏØÉÄÅ ɉ#/ϜɊ ÆÌÏ× ×ÉÔÈÉÎ ÔÈÅ ÃÁÐÎÏÐÅÒÉÔÏÎÅÕÍ ÁÔ ÁÎ 

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 quadrant of the abdominal cavity (2D 

ÉÍÁÇÅ ÂÅÌÏ×ɊȢ 4ÈÉÓ ÔÒÏÃÁÒ ÆÕÎÃÔÉÏÎÓ ÁÓ ÔÈÅ ÅÎÔÒÙ ÐÏÒÔ ÆÏÒ #/Ϝ ÄÅÌÉÖÅÒÅÄ ÆÒÏÍ ÔÈÅ ÌÁÐÁÒÏÓÃÏÐÉÃ 

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 

ÃÌÉÎÉÃÁÌ ÂÅÈÁÖÉÏÒ ÏÆ ÉÎÓÕÆÆÌÁÔÅÄ #/Ϝȟ ×ÈÉÃÈ ÉÎÉÔÉÁÌÌÙ ÄÅÓÃÅnds into the deeper regions of the 

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 

τπ ϼ σπ ϼ ςπ ÃÍȢ 
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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 distrÉÂÕÔÉÏÎ ÁÎÄ ÐÏÔÅÎÔÉÁÌ #/Ϝ 

stagnation zones within specific regions of the abdominal cavityɂparticularly in relation to the 

effectiveness of laparoscopic procedures and overall patient safety. 

 

 

 
)Æ ÔÈÅ ÓÅÃÏÎÄ ÔÒÏÃÁÒ ÆÏÒ 4/0/,΅ ÉÓ ÐÏÓÉÔÉÏÎÅÄ ÏÎ ÔÈÅ ÒÉÇÈÔ ÓÉÄÅ ÏÆ ÔÈÅ ÄÉÁÇÒÁÍȟ ÉÔ ÂÅÃÏÍÅÓ 

ÁÐÐÁÒÅÎÔ ÔÈÁÔ ÔÈÅ ÐÁÒÔÉÃÌÅÓ ×ÉÌÌ ÉÎ ÔÈÉÓ ÃÁÓÅ ÂÅ ÉÎÆÌÕÅÎÃÅÄ ÂÙ #/Ϝ ÅÎÔÅÒÉÎÇ ÆÒÏÍ ÔÈÅ ÌÅÆÔ ÁÎÄ ÆÒÏÍ 

below. The environment tends to carry the particles to the right, to 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 

 
 
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. 

 

)Î ÔÈÉÓ ÅÎÖÉÒÏÎÍÅÎÔȟ ×ÉÔÈ ÍÏÄÅÌ ÄÉÍÅÎÓÉÏÎÓ ÏÆ τπ ϼ σπ ϼ ςπ ÃÅÎÔÉÍÅÔÅÒÓȟ ÔÈÅ ÐÁÓÓÉÖÅ ÍÏÔÉÏÎ ÏÆ 

ÁÅÒÏÓÏÌ ÐÁÒÔÉÃÌÅÓ ÍÅÁÓÕÒÉÎÇ υπȟ σπȟ ÁÎÄ ρυ АÍ ÉÓ ÏÂÓÅÒÖÅÄȢ 4ÈÅÓÅ ÐÁÒÔÉÃÌÅÓ ÒÅÍÁÉÎ ÓÕÓÐÅÎÄÅÄ 

solely under the influence of the gas flow, without any initial velocity of their own. Particles of 50 

АÍ ÅØÈÉÂÉÔ ÖÉÒÔÕÁÌÌÙ ÎÏ ÄÅÖÉÁÔÉÏÎ ÆÒÏÍ ÔÈÅÉÒ ÐÏÉÎÔ ÏÆ ÒÅÌÅÁÓÅȟ ÁÎÄ ÔÈÅÉÒ ÖÅÒÔÉÃÁÌ ÄÒÉÆÔ ÉÓ ÍÉÎÉÍÁÌȟ 

reaching approximately five centimeters. 
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)ÎÔÅÒÍÅÄÉÁÔÅ ÐÁÒÔÉÃÌÅÓ ÍÅÁÓÕÒÉÎÇ σπ АÍ ÁÒÅ ÃÁÒÒÉÅÄ ÈÉÇÈÅÒ ÂÙ ÔÈÅ #/Ϝ ÆÌÏ×ȟ ÒÅÁÃÈÉÎÇ ÅÌÅÖÁÔÉÏÎÓ 

ÏÆ ÕÐ ÔÏ ÔÅÎ ÃÅÎÔÉÍÅÔÅÒÓȢ 4ÈÅ ÓÍÁÌÌÅÓÔ ÁÎÄ ÍÏÓÔ ÓÅÎÓÉÔÉÖÅ ÐÁÒÔÉÃÌÅÓȟ ÍÅÁÓÕÒÉÎÇ ρυ АÍȟ ÁÒÅ ÍÏÓÔ 

affected by the turbulent components of the flow. In addition to their vertical displacement 

toward the upper cavity wallɂreaching heights of around sixteen centimetersɂ they also 

undergo pronounced horizontal deviation of approximately two centimeters laterally and 

anteriorly. 

 

4ÈÉÓ ÓÉÍÕÌÁÔÉÏÎ ÃÌÅÁÒÌÙ ÉÌÌÕÓÔÒÁÔÅÓ ÔÈÅ ÄÉÆÆÅÒÉÎÇ ÓÅÎÓÉÔÉÖÉÔÙ ÏÆ ÐÁÒÔÉÃÌÅÓ ÔÏ #/Ϝ ÆÌÏ× ÁÎÄ 

demonstrates that decreasing particle size leads to displacement outside the therapeutically 

targeted region, particularly in environments with potential turbulence or 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. 
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4ÈÉÓ ÍÏÄÅÌ ÉÌÌÕÓÔÒÁÔÅÓ ÔÈÅ ÂÅÈÁÖÉÏÒ ÏÆ ÁÅÒÏÓÏÌ ÐÁÒÔÉÃÌÅÓ ÍÅÁÓÕÒÉÎÇ υπȟ σπȟ ÁÎÄ ρυ АÍ ×ÈÅÎ 

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 mid-height and mid-width. The 

υπ АÍ ÐÁÒÔÉÃÌÅÓ ÔÒÁÖÅÌ ÁÌÍÏÓÔ ÉÎ Á ÓÔÒÁÉÇÈÔ ÔÒÁÊÅÃÔÏÒÙ ×ÉÔÈ ÎÏ ÓÉÇÎÉÆÉÃÁÎÔ ÃÕÒÖÁÔÕÒÅȟ ×ÈÅÒÅÁÓ ÔÈÅ 

σπ АÍ ÐÁÒÔÉÃÌÅÓ ÂÅÇÉÎ ÔÏ ÅØÈÉÂÉÔ ÓÌÉÇÈÔ ÄÅÖÉÁÔÉÏÎÓ ÉÎ ÂÏÔÈ the vertical and lateral planes, 

demonstrating the influence of turbulent flow. 

 

4ÈÅ ÇÒÅÁÔÅÓÔ ÄÅÖÉÁÔÉÏÎ ÉÓ ÏÂÓÅÒÖÅÄ ÉÎ ÔÈÅ ρυ АÍ ÐÁÒÔÉÃÌÅÓȟ ×ÈÉÃÈ ÁÒÅ ÈÉÇÈÌÙ ÓÕÓÃÅÐÔÉÂÌÅ ÔÏ ÆÌÏ× 

instability and progressively deflect upward and laterally. All three trajectories terminate at the 

right side of the cavity, where particles can theoretically deposit 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 and drug distribution during PIPAC or PITAC 

delivered from a lateral port. 

 

During horizontal particle projection across the abdominal cavity, the following deviations were 

observed: 

¶ 4ÈÅ σπ АÍ ÐÁÒÔÉÃÌÅ ÄÅÖÉÁÔÅÄ ÌÁÔÅÒÁÌÌÙ ɉ9-axis) by 0.4 cm and vertically (Z-axis) by 0.6 cm. 

¶ 4ÈÅ ρυ АÍ ÐÁÒÔÉÃÌÅ ÅØÈÉÂÉÔÅÄ Á ÌÁÔÅÒÁÌ ÄÅÖÉÁÔÉÏÎ ÏÆ πȢψ ÃÍ ÁÎÄ Á ÖÅÒÔÉÃÁÌ ÄÉÓÐÌÁÃÅÍÅÎÔ ÏÆ 

1.2 cm. 

¶  )Î ÃÏÎÔÒÁÓÔȟ ÔÈÅ υπ АÍ ÐÁÒÔÉÃÌÅ ÔÒÁÖÅÌÅÄ ÐÅÒÆÅÃÔÌÙ ÓÔÒÁÉÇÈÔȟ ÓÈÏ×ÉÎÇ ÎÏ ÌÁÔÅÒÁÌ ÏÒ ÖÅÒÔÉÃÁÌ 

deviation. 

 

tŀǊǘƛŎƭŜǎ ƳŜŀǎǳǊƛƴƎ ол ҡƳ ŀƴŘ мр ҡƳ ŜȄƘƛōƛǘ ǇǊƻƴƻǳƴŎŜŘ ǎǇŀǘƛŀƭ ŘǊƛŦǘ ŀǘ мр 
ƳƳIƎΣ ǿƘŜǊŜŀǎ рл ҡƳ ǇŀǊǘƛŎƭŜǎ ǎƘƻǿ ƴƻ ŘǊƛŦǘΦ 

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 

)ÎÓÕÆÆÌÁÔÉÏÎ ÉÓ ÔÈÅ ÐÒÏÃÅÓÓ ÏÆ ÃÏÎÔÒÏÌÌÅÄ ÉÎÔÒÏÄÕÃÔÉÏÎ ÏÆ ÇÁÓ ɉÔÙÐÉÃÁÌÌÙ #/ϜɊ ÉÎÔÏ Á ÂÏÄÙ ÃÁÖÉÔÙ ÔÏ 

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 instrument 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. 

 

)Î 0)0!#ȟ ÃÁÒÂÏÎ ÄÉÏØÉÄÅ ɉ#/ϜɊ ÉÓ ÉÎÓÕÆÆÌÁÔÅÄ ÉÎÔÏ ÔÈÅ ÐÅÒÉÔÏÎÅÁÌ ÃÁÖÉÔÙȟ ÃÁÕÓÉÎÇ ÔÈÅ ÁÂÄÏÍÉÎÁÌ 

walls to expand. The pressure is typically maintained at approximately 12ɀ15 mmHg, and the gas 

ÔÅÍÐÅÒÁÔÕÒÅ ÉÓ ÒÅÇÕÌÁÔÅÄ ÔÏ ÂÏÄÙ ÔÅÍÐÅÒÁÔÕÒÅ ɉЂσχ Ј#ɊȢ 4ÈÉÓ ÐÒÅÓÓure regime facilitates not only 

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 small deviations may affect aerosol flow or cause intra-abdominal 

hypertension, potentially leading to hemodynamic changes and postoperative discomfort. 

 

In PITACɂapplication of aerosol chemotherapy into the pleural cavityɂthe 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 remain the 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 tissue-penetration 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 several-fold 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 one of the 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 procedure. 

 

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, turbulence 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 reaches various 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, temperature 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 three-dimensional 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 improperly generated 

turbulence can have the opposite effectɂproducing 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 atomizers, 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 modern atomizer design is to 

achieve controlled, predictable, and clinically suitable turbulence that respects real anatomical 

conditions. 

 

 

 
 
The SKALA Model ɀ Turbulence Intensity with Hotspot and Shadow Zones graph 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 relative turbulence intensity.  

 

The turbulence curve demonstrates a typical pattern in which the highest values occur in close 

proximity to the nozzleɂwhere the aerosol exits the atomizer with high kinetic energyɂand 

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 0ɀ2 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 formationɂlocations where 

tissue may be exposed to excessively high concentrations of cytostatic agents. 
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At the opposite end of the graph is the Shadow 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 so-called shadow zonesɂareas 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 that the major challenge is not 

only to maximize coverage but to avoid extremesɂexcessive turbulence near the nozzle and 

insufficient turbulence in peripheral regions. The result is a clearer understanding of how flow 

physics directly influences the formation of 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 SMDɂand thus the finer the dropletsɂthe 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 periodɂa 

phenomenon referred to as prolonged 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 in lower 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 micro-eddies, 

ÂÅÃÏÍÅ ȰÔÒÁÐÐÅÄȱ ÉÎ ÒÅÇÉÏÎÁÌ ÔÕÒÂÕÌÅÎÃÅÓȟ ÁÎÄ ÁÃÃÕÍÕÌÁÔÅ ÉÎ ÁÉÒ ÐÏÃkets where they cluster or 
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stagnate. The result is the formation of micro -shadow zonesɂareas 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 settingsɂwhere multi -axis atomizers generate extremely 

low SMDɂthis 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 merge into 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 SMD is too 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 produce uneven 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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Why the optimal SMD is specifically 30 ɀυπ АÍ ɉ3+!,! -ÏÄÅÌɊ 

The optimal range of 30ɀυπ АÍ ÄÏÅÓ ÎÏÔ ÁÒÉÓÅ ÒÁÎÄÏÍÌÙȢ )Ô ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÉÎÔÅÒÖÁÌ ÉÎ ×ÈÉÃÈ three 

key factors  converge: 

 

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

$ÒÏÐÌÅÔÓ ÂÅÌÏ× σπ АÍ ÁÒÅ ÉÎÄÅÅÄ ÖÅÒÙ ÓÍÁÌÌȟ ÂÕÔ ÔÈÅÙȡ 

¶ are extremely sensitive to micro-turbulence, 

¶  ȰÌÅÖÉÔÁÔÅȱ ÉÎ ÔÈÅ ÃÁÖÉÔÙ ÆÏÒ ÅØÃÅÓÓÉÖÅÌÙ ÌÏÎÇ ÐÅÒÉÏÄÓȟ 

¶  tend to escape into so-called dead-space pockets, 

¶  exhibit reduced effective deposition. 

 

Droplets of σπ АÍ ÁÎÄ ÁÂÏÖÅ are already heavy enough not to float indefinitely, yet turbulence 

is still sufficient to keep them airborne and circulating. 

They still fly ɂ but they also finally deposit where they are supposed to.  

 

2. The droplets are large enough not to pose a leakage risk  

Below 20ɀςυ АÍ, the risk increases dramatically for: 

¶ penetration through micro-leaks, 

¶ condensation on cameras and instruments, 

¶ aerosol escape beyond the cavity. 
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In the 30ɀτπ АÍ range, aerosol volatility is significantly reduced. 

The droplets are more stable  and safer . 

 

3. The droplets are not too large ɂ ÔÈÅÙ ÄÏ ÎÏÔ ÐÒÏÄÕÃÅ ȰÐÉÌÉÎÇ-ÕÐȱ ɉÈÏÔÓÐÏÔÓɊ 

Above υπ АÍ, the physics begins to work against us: 

¶ droplets have high inertia, 

¶ they sediment too quickly, 

¶ they impact in concentrated clusters, 

¶ forming hotspots ɂ areas of local tissue hyper-exposure. 

 

The region up to υπ АÍ represents the upper boundary at which sedimentation remains 

controllable. Droplets deposit uniformly, not explosively . 

 
Biological Rationale (30 ɀυπ АÍ Ѐ /ÐÔÉÍÁÌ +ÉÎÅÔÉÃɀPharmacodynamic Profile)  

Surface Contact 

 

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

with the peritoneal or pleural surfaces. 

 

Penetration into Micro -Surfaces 

$ÒÏÐÌÅÔÓ ÂÅÌÏ× σπ АÍ ÍÁÙ ÂÅÈÁÖÅ ÌÉËÅ Á ÍÉÓÔȟ ÒÅÓÕÌÔÉÎÇ ÉÎ ÐÏÏÒ ÄÅÐÏÓÉÔÉÏÎȢ 

$ÒÏÐÌÅÔÓ ÁÂÏÖÅ υπ АÍ ÓÅÔÔÌÅ ÔÏÏ ÒÁÐÉÄÌÙ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ÈÁÖÅ ÌÉÍÉÔÅÄ ÒÅÁÃÈȢ 

Droplets measuring 30ɀυπ АÍ have the highest likelihood of penetrating into: 

¶ subphrenic spaces, 

¶ omental folds, 

¶ pleural recesses, 

¶ paracolic gutters. 

 

Pharmacological Effectiveness  

Ideal exposure occurs when a droplet: 

¶ possesses sufficient mass to impact the surface, 

¶ does not fall immediately, 

¶ provides a large contact area. 

 

This is precisely the 30ɀυπ АÍ ÉÎÔÅÒÖÁÌ. 
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4ÈÅ 0ÈÙÓÉÃÁÌ Ȱ'ÏÌÄÅÎ #ÏÍÐÒÏÍÉÓÅȱ 

The 30ɀυπ АÍ ÒÁÎÇÅ ÉÓ ÕÎÉÑÕÅ ÂÅÃÁÕÓÅ ÉÔ ÂÁÌÁÎÃÅÓ three opposing trends : 

 

Too Fine ɂ Optimal ɂ Too Coarse 

Too Fine Optimal  Too Coarse 

Ѓσπ АÍ 30ɀυπ АÍ Єυπ АÍ 

low deposition equilibrium  hotspots 

overturbulence controlled turbulence rapid sedimentation 

aerosol leakage safe range non-uniform impact 

unstable mist stable aerosol ȰÐÉÌÅÓ ÕÐÏÎ ÉÍÐÁÃÔȱ 

 

The SMD range of 30ɀυπ АÍ is optimal because it produces droplets small enough for effective 

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

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 

ÂÅÔ×ÅÅÎ ÔÈÅ ÐÁÒÔÉÃÌÅ ÒÅÌÁØÁÔÉÏÎ ÔÉÍÅ ɉʐ Ɋɂthe time the particle needs to adjust its velocity to a 

change in fluid velocityɂÁÎÄ ÔÈÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃ ÆÌÏ× ÔÉÍÅ ɉʐͺÆɊȢ 

Mathematically:  

3ÔË
†

†
 

 

Physical meaning  

Stk Ḻ 1: 

4ÈÅ ÐÁÒÔÉÃÌÅ ÃÌÏÓÅÌÙ ÆÏÌÌÏ×Ó ÔÈÅ ÆÌÏ×Ƞ ÉÔ ÉÓ ÅÁÓÉÌÙ ÃÁÒÒÉÅÄ ÂÙ ÔÈÅ #/ϜȢ 

 

3ÔË Ђ ρȡ 

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

influences deposition. 

 

Stk ḻ 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 droplets (1ɀυπ АÍɊ 

ÁÒÅ ÃÁÒÒÉÅÄ ÂÙ ÔÈÅ #/Ϝ ÁÔÍÏÓÐÈÅÒÅȟ ÈÏ× ÈÏÍÏÇÅÎÅÏÕÓÌÙ ÔÈÅÙ ÄÉÓÐÅÒÓÅ ×ÉÔÈÉÎ ÔÈÅ ÐÅÒÉÔÏÎÅÁÌ ÏÒ 

pleural cavity, whether they remain suspended (Stk < 1) or deposit inertially on serosal surfaces 

(Stk > 1), 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 number and thereby the biological effectiveness of the 

therapy. 

The Stokes number tells us how resistant a droplet is to turbulent 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 surface-tension forces that hold the droplet together. It 

indicates whether a droplet will remain stable or break up into smaller droplets when interacting 

with a flow. 

Mathematically:  

7Å
Ὠױὺױ”

„
 

 

where: 

¶ ”= liquid density 

¶ ὺ= relative flow velocity or impact velocity 

¶ Ὠ= characteristic droplet diameter 

¶  „= liquid surface tension 

 

Physical meaning of the Weber number  

We < 1 O  ÔÈÅ ÄÒÏÐÌÅÔ ÉÓ ÓÔÁÂÌÅȠ ÓÕÒÆÁÃÅ-tension forces dominate 

7Å Ђ ρɀ10  O  ÔÈÅ ÄÒÏÐÌÅÔ ÍÁÙ ÄÅÆÏÒÍ ÂÕÔ ÕÓÕÁÌÌÙ ÒÅÍÁÉÎÓ ÉÎÔÁÃÔ 

We > 10 O  ÔÈÅ ÄÒÏÐÌÅÔ ÂÅÃÏÍÅÓ ÕÎÓÔÁÂÌÅ 

We ḻ 10  O  ÔÈÅ ÄÒÏÐÌÅÔ ÂÒÅÁËÓ ÕÐ ÁÎÄ ÁÔÏÍÉÚÅÓ ÉÎÔÏ ÓÍÁÌÌÅÒ ÄÒÏÐÌÅÔÓ 
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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 processes include in particular: 

¶ fragmentation (breakup) of the liquid into microdroplets, 

¶ coalescence of droplets during flight (merging), 

¶ evaporation, 

¶ sedimentation (settling), 

¶ ÁÅÒÏÄÙÎÁÍÉÃ ÔÒÁÎÓÐÏÒÔ ÂÙ #/Ϝ ÆÌÏ× ÁÎÄ ÄÅÐÏÓÉÔÉÏÎ ÏÎÔÏ ÓÅÒÏÓÁÌ ÓÕÒÆÁÃÅÓȢ 

 

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

¶ the particle-size spectrum after high-pressure aerosolization (1ɀυπ АÍɊȟ 

¶ 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, 

¶ the overall effectiveness and homogeneity of intracavitary chemotherapy. 

 

Droplet dynamics therefore represents a multi-ÐÈÙÓÉÃÓ ÄÏÍÁÉÎ ÔÈÁÔ ÉÎÔÅÇÒÁÔÅÓ #/Ϝ ÁÅÒÏÄÙÎÁÍÉÃÓȟ 

nozzle characteristics, pressure conditions, and the physicochemical properties of the drug into 

a single outcomeɂthe 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 of Droplets 

 
Small droplets can merge into larger ones. Light, small droplets (<10ɀςπ АÍɊ ÐÏÓÓÅÓÓ Á ÈÉÇÈ 

surface charge and frequently collide with other droplets within the aerosol plume. In the 

capnoperitoneum, where humidity is close to 100%, they readily absorb water 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: 

¶ at the beginning of the aerosol cone , and 

¶ at the end, upon impact with tissue . 

 

A laboratory-ǎƛȊŜŘ ŘǊƻǇƭŜǘ ƻŦ ол ҡƳ Ŏŀƴ Ŝŀǎƛƭȅ ōŜŎƻƳŜ ŀ сл ҡƳ ŘǊƻǇƭŜǘ ƛƴ ǘƘŜ 
capnoperitoneal environment. 

 

The result is: 

¶ increased droplet mass, 

¶ faster sedimentation, 

¶ altered ballistic behavior, 

¶ greater impaction on tissue. 
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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 tissueɂand are no longer rotating 

within a vortexɂthey 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. 

 

4ÈÉÓ ÏÃÃÕÒÓ ×ÈÅÎ ÔÈÅ #/Ϝ ÆÌÏ× ÖÅÌÏÃÉÔÙ ÅØÃÅÅÄÓ ÃÒÉÔÉÃÁÌ ÔÈÒÅÓÈÏÌÄÓ ÏÒ ×ÈÅÎ Á ÄÒÏÐÌÅÔ ÅÎÃÏÕÎÔÅÒÓ 

a warm, humid thermal interface. This phenomenon is known as secondary atomization. 

 

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

laminar and insufficient to overcome the Weber-number threshold required for fragmentation. 
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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 influence 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 fragmentation progressively 

produces a finer aerosol. 

 

This process is characteristic of aerosolization in high-energy systems such as PIPAC/PITAC, 

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

Z ƪŀǇƪȅ ƻ ƭŀōƻǊŀǘƻǊƴƝ ǾŜƭƛƪƻǎǘƛ ол ˃Ƴ ǎƴŀŘƴƻ ǾȊƴƛƪƴŜ ƴŜȌłŘƻǳŎƝ ƪŀǇƪŀ ƻ ǾŜƭƛƪƻǎǘƛ 
10 ˃ Ƴ v ǇǊƻǎǘǌŜŘƝ ƪŀǇƴƻǇŜǊƛǘƻƴŜŀΦ 

 

Sedimentation of Droplets 

 
Sedimentation of droplets is one of the physical processes that fundamentally influences aerosol 

distribution, the uniformity of drug deposition, and the therapeutic effectiveness of 

chemotherapy in the PIPAC (Pressurized Intraperitoneal Aerosol Chemotherapy) modality. It is 

the process in which aerosol dropletsɂunder the influence of gravityɂgradually descend from 

the aerosol cloud toward the peritoneal surfaces. 
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3ÅÄÉÍÅÎÔÁÔÉÏÎ ÏÆ ÄÒÏÐÌÅÔÓ ÉÎ 0)0!# ÉÓ Á ÐÒÏÃÅÓÓ ÇÏÖÅÒÎÅÄ ÂÙ ÇÒÁÖÉÔÙȟ ÄÒÏÐÌÅÔ ÓÉÚÅȟ #/Ϝ ÐÒÅÓÓÕÒÅȟ 

and turbulence within the cavity. It influences drug distribution, the uniformity of surface 

coverage, and the final therapeutic efficacy. It is one of the key physical mechanisms that 

determine how effectively the aerosol truly performs in PIPAC. Sedimentation interacts with 

other processesɂnamely coalescence, evaporation, and fragmentation. 

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

 
 

 
 
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 capnoperitoneumτ

based on its physical and structural characteristics. 
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Evaporation of Droplets 

! ÄÒÏÐÌÅÔ ÍÁÙ ȰÄÉÓÁÐÐÅÁÒȱ ɂ by evaporating, being absorbed, or remaining in the gas phase. 

This, however, does not  apply to the cytostatic molecules themselves. In the warmer peritoneal 

ÅÎÖÉÒÏÎÍÅÎÔ ɉσχ Ј#Ɋȟ ÓÍÁÌÌ ÄÒÏÐÌÅÔÓ ÍÁÙ ÐÁÒÔÉÁÌÌÙ ÏÒ ÃÏÍÐÌÅÔÅÌÙ ÅÖÁÐÏÒÁÔÅȟ ÅÓÐÅÃÉÁÌÌÙ ×ÈÅÎ 

ÔÈÅÙ ÁÒÅ ÓÍÁÌÌÅÒ ÔÈÁÎ ͯψ АÍȟ ×ÈÉÌÅ ÔÈÅ ÃÈÅÍÏÔÈÅÒÁÐÅÕÔÉÃ ÁÇÅÎÔ ÒÅÍÁÉÎÓȢ 

 

This effect is amplified by: 

¶ a steep temperature gradient, 

¶ high environmental energy, 

¶ 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: 

¶ absence of therapeutic effect , or 

¶ a risk of aerosol inhalation after desufflation . 

 

This means that: the smaller the droplet, the greater its surface-to-volume ratio, and the faster it 

evaporates from its surface. The molecules of the chemotherapeutic agent are non-volatile and 

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

 

In contrast, larger droplets (such as those produced by MCR-τ 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 $ό-law , which describes evaporation of 

monodisperse droplets through individual calculationsɂpresented in a later chapter to maintain 

conceptual clarity. 

Ὀ ὸ Ὀ ὑὸ 

 

The larger the droplet, the more slowly it evaporates from its surfaceτand even 
when it does evaporate, the cytostatic agent remains. 
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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 diameter. As time progresses, the droplet 

gradually evaporates, and its size continuously decreases.  

 

The curve declines over time, indicating that: 

¶ the evaporation rate is highest at the beginning, when the droplet has a large surface area, 

¶ as the droplet decreases in volume and surface area, evaporation slows down, 

¶ in the later phase, the droplet approaches a very small size, but never reaches zero 

linearly ɂ 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 ɂ together with 

coalescence and fragmentation ɂ that determine the lifespan and effectiveness of aerosol 

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

! ŘǊƻǇƭŜǘ ƳŜŀǎǳǊƛƴƎ нр ҡƳ Ŏŀƴ ǊŜŀŘƛƭȅ ǘǊŀƴǎƛǘƛƻƴ ƛƴǘƻ ǾŀǇƻǊΦ ! рл ҡƳ ŘǊƻǇƭŜǘ Ŏŀƴ 
do so as well, but the process takes longer and is significantly less favorable under 

the environmental conditions. 
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During chemotherapeutic aerosolization the aqueous component of a microdroplet evaporates 

ÉÎÔÏ ÔÈÅ #/Ϝ ÁÔÍÏÓÐÈÅÒÅȟ ÂÅÃÁÕÓÅ ×ÁÔÅÒ ÉÓ ÖÏÌÁÔÉÌÅ ÁÎÄ ÒÅÁÄÉÌÙ ÔÒÁÎÓÉÔÉÏÎÓ ÉÎÔÏ ÔÈÅ ÇÁÓ ÐÈÁÓÅȢ 4ÈÅ 

non-volatile cytostatic molecules, however, do not  ÅÖÁÐÏÒÁÔÅ ÉÎÔÏ #/Ϝ ÁÎÄ ÎÅÖÅÒ ÂÅÃÏÍÅ ÐÁÒÔ ÏÆ 

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 

ÉÍÐÏÓÓÉÂÌÅ ÆÏÒ ÉÔ ÔÏ ÂÅ ÅÎÔÒÁÉÎÅÄ ÂÙ #/Ϝ ÖÏÒÔÉÃÅÓȢ 

 

Within the capnoperitoneum, the particle remains suspended until it eventually sediments onto 

tissue, whereɂupon contact with moistureɂit dissolves again and the drug begins to diffuse into 

the peritoneum. Alternatively, during controlled desufflation, the particle is captured by the 

filtration system. 

 

Evaporation of the water phase therefore does not  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 

ÐÁÒÔÉÃÌÅ ÉÎÓÉÄÅ ÔÈÅ ÃÌÏÓÅÄ ÃÁÖÉÔÙ ÁÎÄȟ ÉÆ ÅÎÔÒÁÉÎÅÄ ÂÙ #/Ϝȟ ÉÓ ÃÁÐÔÕÒÅÄ ÂÙ ÔÈÅ 5,0!Ⱦ(%0! ÆÉÌÔÅÒȢ 

 

¢ƘŜ ŘǊƻǇƭŜǘ Ƴŀȅ άŘƛǎŀǇǇŜŀǊΣέ ōǳǘ ǘƘŜ ŎȅǘƻǎǘŀǘƛŎ ŀƎŜƴǘ ŘƻŜǎ ƴƻǘΦ  
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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 external energy. Diffusion 

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

 

Characteristics of diffusion  

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

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

medium density, 

¶ ÉÓ ÄÅÓÃÒÉÂÅÄ ÂÙ &ÉÃËȭÓ ÌÁ×Óȟ ×ÈÉÃÈ ÄÅÆÉÎÅ ÔÈÅ ÒÁÔÅ ÁÎÄ ÄÉÒÅÃÔÉÏÎ ÏÆ ÔÒÁÎÓÐÏÒÔȢ 

 

In the context of PIPAC/PITAC, diffusion of a droplet must be considered relative to two 

factors:  

¶ ÉÔÓ ÂÅÈÁÖÉÏÒ ÉÎ #/Ϝȟ 

¶ its behavior toward tissue. 

 

A droplet in the gas phase is transported only mechanically  ÂÙ ÔÕÒÂÕÌÅÎÔ ÆÌÏ×ȟ ×ÈÉÌÅ #/Ϝ ÁÃÔÓ 

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 particle likewise does not  become part of 

the gas and does not  ÕÎÄÅÒÇÏ ÍÏÌÅÃÕÌÁÒ ÄÉÆÆÕÓÉÏÎ ÉÎ #/ϜȢ 

CǊƻƳ ǘƘŜ ǎǘŀƴŘǇƻƛƴǘ ƻŦ ŘǊƻǇƭŜǘ ŘƛŦŦǳǎƛƻƴ ǊŜƭŀǘƛǾŜ ǘƻ /hіΣ ƻƴƭȅ ǘƘŜ ǿŀǘŜǊ Ŏŀƴ 
evaporateτwhile the non-volatile molecules remain. 
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The graph illustrates the size of the solid cytostatic core that remains after complete evaporation 

ÏÆ ×ÁÔÅÒ ÆÒÏÍ ÁÅÒÏÓÏÌ ÄÒÏÐÌÅÔÓ ÏÒÉÇÉÎÁÌÌÙ ÍÅÁÓÕÒÉÎÇ σπ АÍ ÁÎÄ υπ АÍȟ ÁÔ ÄÉÆÆÅÒÅÎÔ ÄÒÕÇ 

concentrations. Although the cytostatic agent represents only a small fraction 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. 

 

For a σπ АÍ ÄÒÏÐÌÅÔ, complete water evaporation yields a solid particle of approximately σ АÍ 

at 0.1% concentration, around υ АÍ at 0.5%, and approximately 6ɀχ АÍ at 1%. 

For a υπ АÍ ÄÒÏÐÌÅÔ, the resulting particle is even larger: about υ АÍ, 8ɀω АÍ, and 10ɀρρ АÍ, 

respectively. 

 

Thus, the graph demonstrates that even after a droplet dries completely, the cytostatic drug does 

not disappear but forms a multi-micron solid residue capable of sedimenting onto tissue, 

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

 

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

droplets as a liquid systemɂspecifically on the primary droplet size produced by high-pressure 

ÎÏÚÚÌÅÓȟ ÔÈÅÉÒ ÂÅÈÁÖÉÏÒ ÉÎ ÆÌÏ×ÉÎÇ #/Ϝȟ ÔÈÅÉÒ ÓÅÄÉÍÅÎÔÁÔÉÏÎȟ ÁÎÄ their impact on tissue. This 

approach, however, leaves an important methodological gap: it evaluates only the liquid phase  

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

carrier. 

 

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

ÔÈÅ ÃÙÔÏÓÔÁÔÉÃ ÁÇÅÎÔ ÁÃÃÏÕÎÔÓ ÆÏÒ ÏÎÌÙ Á ÔÉÎÙ ÆÒÁÃÔÉÏÎ ÏÆ ÉÔÓ ÖÏÌÕÍÅȢ )Î ÁÎ ÅÎÖÉÒÏÎÍÅÎÔ ÏÆ ÄÒÙ #/Ϝȟ 

elevated temperature, and intense turbulent flow, a significant proportion of small droplets may 
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ÌÏÓÅ ÁÌÌ ÔÈÅÉÒ ×ÁÔÅÒȢ )Î ÓÕÃÈ ÃÁÓÅÓȟ ÔÈÅ ÒÅÓÕÌÔ ÉÓ ÎÏÔ Á ȰÄÉÓÁÐÐÅÁÒÉÎÇ ÄÒÏÐÌÅÔȱ ÂÕÔ Á solid residue  of 

drug whose diameterɂaccording to cubic volume scalingɂtypically ranges between 3 and 11 

АÍ. 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 more 

complex: a portion of droplets lands as solid 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 within the cavity 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. 

 

άLǘ ƛǎ ƭƛƪŜ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ŘƛƳŜƴǎƛƻƴǎΣ ǿŜƛƎƘǘΣ ŀƴŘ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ŀ ǇǊƻŘǳŎǘ ǿƘƛƭŜ ƛǘ ƛǎ 
ǎǘƛƭƭ ǇŀŎƪŀƎŜŘ ƛƴ ƛǘǎ ǎƘƛǇǇƛƴƎ ōƻȄΦέ 

 
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 

ÅÎÈÁÎÃÅÄ ÂÙ ÔÈÅ ÇÅÎÔÌÅ ÌÁÐÁÒÏÓÃÏÐÉÃ #/Ϝ ÐÒÅÓÓÕÒÅ ɉρςɀ15 mmHg), which mechanically expands 

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 the primary 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 tissueɂnot on aerosol aerodynamics or on the behavior of the 

ÄÒÏÐÌÅÔ ÉÎ #/ϜȢ /ÎÃÅ the drug enters the tissue, it does not return to the gas phase and does not 

ÕÎÄÅÒÇÏ ÁÎÙ ÆÕÒÔÈÅÒ ȰÃÙÃÌÉÎÇȱȠ ÁÌÌ ÓÕÂÓÅÑÕÅÎÔ ÐÒÏÃÅÓÓÅÓ ÁÒÅ ÇÏÖÅÒÎÅÄ ÓÏÌÅÌÙ ÂÙ ÔÒÁÎÓÐÏÒÔ ×ÉÔÈÉÎ 

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 barriersɂfor example, the 

peritoneal or pleural mesothelium. 

 

 
 

The graph illustrates how the penetration depth of a cytostatic droplet within tissue changes as a 

function of its diameter (5ɀυπ АÍɊȢ 4ÈÅ ÈÏÒÉÚÏÎÔÁÌ ÁØÉÓ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÄÒÏÐÌÅÔ ÄÉÁÍÅÔÅÒȟ ÁÎÄ ÔÈÅ 

vertical axis represents the modeled penetration depth (in relative units). The curve has a rising 

but progressively decelerating profile. 
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! ωτ ДÍ ÄÒÏÐÌÅÔ ÈÁÓ ÔÈÅ ÇÒÅÁÔÅÓÔ ËÉÎÅÔÉÃ ÐÏÔÅÎÔÉÁÌ ÔÏ ÐÅÎÅÔÒÁÔÅ ÉÎÔÏ ÔÈÅ ÁÆÆÅÃÔÅÄ 
tissue. 

 

 

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

passive diffusion, which is accurately described by &ÉÃËȭÓ ÌÁ×. 

 

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 near-zero 

concentration. 

 

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

driving force of diffusion. 

 

According to &ÉÃËȭÓ &ÉÒÓÔ ,Á×, the diffusive flux of 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 structures. 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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According to &ÉÃËȭÓ 3ÅÃÏÎÄ ,Á×, the concentration 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 beginning 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 

ÐÎÅÕÍÏÐÌÅÕÒÁȟ ×ÈÅÒÅ ÔÈÅ ÅÌÅÖÁÔÅÄ #/Ϝ ÐÒÅÓÓÕÒÅ ÍÅÃÈÁÎÉÃÁÌÌÙ ÅØÐÁÎÄÓ ÔÈÅ ÔÉÓÓÕÅÓ ÁÎÄ ÉÎÃÒÅÁÓÅÓ 

the intercellular spaces. This does not accelerate the diffusion of the drug 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/PITACȢ 4ÈÅ ÁÅÒÏÄÙÎÁÍÉÃ ÂÅÈÁÖÉÏÕÒ ÏÆ ÄÒÏÐÌÅÔÓ ÉÎ #/Ϝ ÄÅÔÅÒÍÉÎÅÓ ÏÎÌÙ where the drug 

lands, whereas the depth of therapeutic effect is governed exclusively by the subsequent diffusion 

ÉÎÔÏ ÔÈÅ ÔÉÓÓÕÅ ÁÃÃÏÒÄÉÎÇ ÔÏ &ÉÃËȭÓ ÌÁ×ÓȢ 

 

 
 

 



 60 

The graph illustrates the difference in the diffusion profile of a cytostatic agent within tumor 

ÔÉÓÓÕÅ ÁÆÔÅÒ ÔÈÅ ÉÍÐÁÃÔ ÏÆ ÄÒÏÐÌÅÔÓ ×ÉÔÈ ÄÉÁÍÅÔÅÒÓ ÏÆ υπ АÍ ÁÎÄ σπ АÍȢ 4ÈÅ ÌÁÒÇÅÒ ÄÒÏÐÌÅÔ ɉυπ АÍɊ 

contains, after evaporation of its water content, a substantially larger solid drug core, which 

creates a higher local concentration on the tumor surface. This generates a steeper concentration 

ÇÒÁÄÉÅÎÔ ÁÎÄȟ ÁÃÃÏÒÄÉÎÇ ÔÏ &ÉÃËȭÓ ÌÁ×ȟ ÒÅÓÕÌÔÓ ÉÎ ÆÁÓÔÅÒ ÁÎÄ ÄÅÅÐÅÒ ÐÅÎÅÔÒÁÔÉÏÎ ÏÆ ÔÈÅ ÃÙÔÏÓÔÁÔÉÃ 

agent into the tissue. In ÃÏÎÔÒÁÓÔȟ ÔÈÅ ÓÍÁÌÌÅÒ ÄÒÏÐÌÅÔ ɉσπ АÍɊ ÐÒÏÄÕÃÅÓ Á ÌÏ×ÅÒ ÓÕÒÆÁÃÅ 

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

 

The graph thus clearly shows that droplet sizeɂand particularly the size of the residual solid core 

after evaporationɂcritically 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, 

ÐÒÏÄÕÃÉÎÇ ÉÔÓ ÁÐÐÁÒÅÎÔÌÙ ÒÁÎÄÏÍ ÊÉÔÔÅÒÉÎÇ ÏÒ ȰÄÁÎÃÉÎÇȱ ÍÏÔÉÏÎȢ 4ÈÉÓ ÐÈÅÎÏÍÅÎÏÎ ÉÓ ÍÏÓÔ 

pronounced in particles ranging from the nanometer scale to a few micrometres, 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., 3ɀρπ АÍɊȢ )Ô ÃÁÎ ÃÏÎÔÒÉÂÕÔÅ ÔÏ 

ÔÈÅÉÒ ÆÉÎÅȟ ÃÈÁÏÔÉÃ ÄÒÉÆÔ ×ÉÔÈÉÎ #/Ϝ ÁÎÄ ÉÎÃÒÅÁÓÅ ÔÈÅ ÌÉËÅÌÉÈÏÏÄ ÏÆ their contact with the peritoneal 

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 governing the movement of aerosol-derived deposits. 
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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 stoÃÈÁÓÔÉÃ ÃÏÌÌÉÓÉÏÎÓ ×ÉÔÈ #/Ϝ ÍÏÌÅÃÕÌÅÓ ÉÎ 

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 physical ÒÅÁÌÉÔÙȡ ÁÌÔÈÏÕÇÈ "ÒÏ×ÎÉÁÎ ÍÏÔÉÏÎ ÃÏÎÔÒÉÂÕÔÅÓ ÔÏ ÆÉÎÅ ȰÌÏÃÁÌ ÍÉØÉÎÇȱ ÏÆ 

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 Brownian-motion simulations. All simulations began from the same 

starting point, corresponding to the experimental situation in which a residual 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 decreases sharply 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 scale. This means that the Brownian 

mechanism: 

¶ does not generate macroscopic redistribution of the drug, 

¶ acts solely as a supplementary mechanism of local micro-mixing, 
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¶ increases the probability of particleɀtissue contact only in close proximity, 

¶ ÃÁÎÎÏÔ ÏÖÅÒÃÏÍÅ ÓÅÄÉÍÅÎÔÁÔÉÏÎ ÏÆ ÌÁÒÇÅÒ ÐÁÒÔÉÃÌÅÓ ÏÒ ÔÈÅ ÄÉÒÅÃÔÅÄ ÆÌÏ× ÏÆ #/ϜȢ 

 

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 

ÄÉÓÐÅÒÓÉÏÎ ÒÅÍÁÉÎ ÇÒÁÖÉÔÙȟ #/Ϝ ÔÕÒÂÕÌÅÎÃÅȟ ÓÅÄÉÍÅÎÔÁÔÉÏÎȟ ÁÎÄ ÔÈÅ ÄÉÒÅÃt deposition of aerosol 

droplets. 

ȵThe graphs show that small drug particles merely undergo slight jittering 
ÁÎÄ ÂÏÕÎÃÉÎÇ ×ÉÔÈÉÎ ÔÈÅ #/Ϝ ÅÎÖÉÒÏÎÍÅÎÔ ÁÒÏÕÎÄ ÔÈÅ ÌÏÃÁÔÉÏÎ ×ÈÅÒÅ ÔÈÅÙ 

were formed, and therefore cannot travel far on their own.ȱ 
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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 high-pressure injector (approximately 17ɀ20 bar) through an atomizer. This 

process produces a polydisperse therapeutic aerosol that is distributed throughout the peritoneal 

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

 

4ÈÅ ÇÅÎÅÒÁÔÅÄ ÁÅÒÏÓÏÌ ÉÓ ÍÁÉÎÔÁÉÎÅÄ ×ÉÔÈÉÎ Á #/Ϝ ÅÎÖÉÒÏÎÍÅÎÔ ÁÔ Á ÐÒÅÓÓÕÒÅ ÏÆ ͯρς ÍÍ(ÇȢ 

These pressurized conditions enhance: 

¶ the diffusional penetration of the drug into peritoneal structures, 

¶ the homogeneity of deposition across large serosal surfaces, 

¶ the surface-to-volume ratio of the droplets, thereby supporting more efficient local 

absorption, 

¶ 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 pressure-assisted application of the cytostatic agent onto tumor-affected 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: 

¶ ÄÒÏÐÌÅÔÓ ÁÒÅ ÄÉÓÐÅÒÓÅÄ ÉÎÔÏ Á #/Ϝ ÅÎÖÉÒÏÎÍÅÎÔ ÕÎÄÅÒ ÃÏÎÔÒÏÌÌÅÄ ÈÙÐÅÒÃÁÐÎÉÃ ÃÏÎÄÉÔÉÏÎÓȟ 

¶ particles propagate through the intrathoracic space via aerodynamic flow structures, 

¶ pressure exposure supports intrapleural drug penetration. 

 

In both modalities, the aerosol is used as an optimized form of intracavitary drug delivery that 

integrates particle-ÓÃÁÌÅ ÐÈÙÓÉÃÓȟ ÐÒÅÓÓÕÒÅ ÃÏÎÔÒÏÌȟ ÔÈÅÒÍÏÄÙÎÁÍÉÃ ÐÒÏÐÅÒÔÉÅÓ ÏÆ #/Ϝȟ ÁÎÄ ÔÈÅ 

confined anatomical space to maximize the local biological efficacy 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 approximately 1ɀυπ АÍȢ )Ô ÉÓ 

created through high-ÐÒÅÓÓÕÒÅ ÁÅÒÏÓÏÌÉÚÁÔÉÏÎ ÁÎÄ ÃÁÒÒÉÅÄ ÂÙ #/Ϝ ×ÉÔÈÉÎ ÔÈÅ ÐÅÒÉtoneal or pleural 

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 deposition and the depth of tissue 

penetration. 

 

¶ It is a droplet of liquid cytostatic agent mechanically separated from the continuous liquid 

phase. 

¶ The typical particle size ranges from 1ɀυπ АÍȟ ÍÏÓÔ ÃÏÍÍÏÎÌÙ υɀυπ АÍ ÆÏÒ ÓÔÁÎÄÁÒÄ 

nozzle systems. 

¶ The particle distribution is polydisperseɂmeaning 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 
ƳƛŎǊƻǎŎƻǇƛŎ άǘǊŀƴǎǇƻǊǘ ƳƻŘǳƭŜέ ƻŦ ǘƘŜ ŘǊǳƎΦ  
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Collision Modelling 

 
This 3D model illustrates three simulated collisions of aerosol particles within the SKALA 

ÃÁÐÎÏÐÅÒÉÔÏÎÅÕÍ ÍÏÄÅÌ ɉρυ ÍÍ(ÇɊ ÉÎ Á ÓÐÁÃÅ ÍÅÁÓÕÒÉÎÇ τπ ϼ σπ ϼ ςπ ÃÍȢ 

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 

ÕÐ×ÁÒÄ #/Ϝ ÆÌÏ× ÆÉÅÌÄɊȢ 

 

)Î ÔÈÅ υπ ʈÍ ÖÓ ςυ ʈÍ ÓÃÅÎÁÒÉÏ ɉÂÌÕÅ ÔÒÁÊÅÃÔÏÒÙɊȟ ÔÈÅ ÌÁÒÇÅÒ υπ ʈÍ ÐÁÒÔÉÃÌÅ ÔÒÁÖÅÌÅÄ ÁÔ ψ ÍȾÓ 

ÁÎÄ ÓÌÏ×ÅÄ ÔÏ τȢττ ÍȾÓ ÁÆÔÅÒ ÔÈÅ ÃÏÌÌÉÓÉÏÎȟ ×ÈÉÌÅ ÔÈÅ ÓÍÁÌÌÅÒ ςυ ʈÍ ÐÁÒÔÉÃÌÅ ÁÃÃÅÌÅÒÁÔÅÄ ÔÏ ρρȢυφ 

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

The impact produced partial fragmentation of the larger particle, which broke into several 

smaller fragments ranging from 10ɀςπ ʈÍȟ ×ÈÅÒÅÁÓ ÔÈÅ ÓÍÁÌÌÅÒ ÐÁÒÔÉÃÌÅ ÒÅÍÁÉÎÅÄ ÌÁÒÇÅÌÙ ÉÎÔÁÃÔȟ 

with only minor shedding. 

 

)Î ÔÈÅ σπ ʈÍ ÖÓ ρυ ʈÍ ÓÃÅÎÁÒÉÏ ɉÇÒÅÅÎ ÔÒÁÊÅÃÔÏÒÙɊ, both droplets were markedly affected. The 

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 12ɀρψ ʈÍȟ 

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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)Î ÔÈÅ ρπ ʈÍ ÖÓ υ ʈÍ ÓÃÅÎÁÒÉÏ ɉÒÅÄ ÔÒÁÊÅÃÔÏÒÙɊ, two very small, low-mass particles collided. 

4ÈÅ ρπ ʈÍ ÐÁÒÔÉÃÌÅ ÄÅÃÅÌÅÒÁÔÅÄ ÔÏ ςȢφχ ÍȾÓȟ ×ÈÉÌÅ ÔÈÅ υ ʈÍ ÐÁÒÔÉÃÌÅ ÁÃÃÅÌÅÒÁÔÅÄ ÔÏ ωȢσσ ÍȾÓȢ )Î 

this case, coalescence predominated: the smaller particle merged with the larger one, forming a 

droplet of approxÉÍÁÔÅÌÙ ρς ʈÍȢ 4ÈÅ ÎÅ×ÌÙ ÆÏÒÍÅÄ ÐÁÒÔÉÃÌÅ ÃÏÎÔÉÎÕÅÄ ÁÌÏÎÇ Á ÔÒÁÊÅÃÔÏÒÙ ÄÅÆÉÎÅÄ 

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

 

This simulation clearly demonstrates that the post-collision 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 evolve 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 surface 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. 
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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 additional particlesɂeach one-

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

ÔÈÅ ÃÁÖÉÔÙ ÁÔ Á τυЈ ÁÎÇÌÅȢ 4ÈÅÓÅ ÓÍÁÌÌÅÒ ÐÁÒÔÉÃÌÅÓ ÒÅÐÒÅÓÅÎÔ ÅÉÔÈÅÒ ÆÒÁÇÍÅÎÔÓ ÐÒÏÄÕÃÅÄ ÂÙ ÐÒÅÖÉÏÕÓ 

collisions or new secondary particles generated by turbulence. 

 

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

¶ )Î ÔÈÅ ÃÏÌÌÉÓÉÏÎ ÂÅÔ×ÅÅÎ Á υπ ʈÍ ÐÁÒÔÉÃÌÅ ɉψ ÍȾÓɊ ÁÎÄ Á ςυ ʈÍ ÐÁÒÔÉÃÌÅ ɉτ ÍȾÓɊȟ 

ÓÕÂÓÅÑÕÅÎÔÌÙ ÓÔÒÕÃË ÂÙ Á ρφȢχ ʈÍ ÆÒÁÇÍÅÎÔ ɉς ÍȾÓɊȡ 

the primary particle undergoes splitting, resulting in two daughter particles 

approximately 20-ςυ ʈÍ ÉÎ ÓÉÚÅȢ 4ÈÅÉÒ ÖÅÌÏÃÉÔÉÅÓ ÁÄÊÕÓÔ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÉÍÐÁÃÔ ÁÎÇÌÅȟ ÁÎÄ 

the dominant fragment continues with a resultant speed of approximately 6.2 m/s. 

 

¶ )Î ÔÈÅ ÉÎÔÅÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ Á σπ ʈÍ ÐÁÒÔÉÃÌÅ ɉψ ÍȾÓɊ ÁÎÄ Á ρυ ʈÍ ÐÁÒÔÉÃÌÅ ɉτ ÍȾÓɊȟ 

ÆÏÌÌÏ×ÅÄ ÂÙ ÉÍÐÁÃÔ ×ÉÔÈ Á ρπ ʈÍ ÆÒÁÇÍÅÎÔ ɉς ÍȾÓɊȡpartial coalescence occurs. A new 

particle of approximately 26ɀςψ ʈÍ ÆÏÒÍÓ ÁÎÄ ÃÏÎÔÉÎÕÅÓ ÉÔÓ ÔÒÁÊÅÃÔÏÒÙ ×ÉÔÈ Á ÖÅÌÏÃÉÔÙ ÏÆ 

about 7.1 m/s along a slightly deflected path. 

 

¶ In the smallest -ÐÁÒÔÉÃÌÅ ÓÃÅÎÁÒÉÏ ÉÎÖÏÌÖÉÎÇ ρπ ʈÍ ɉψ ÍȾÓɊ ÁÎÄ υ ʈÍ ɉτ ÍȾÓɊ ÄÒÏÐÌÅÔÓ 

withÁÎ ÁÄÄÅÄ σȢσ ʈÍ ÆÒÁÇÍÅÎÔ ɉς ÍȾÓɊȡ 

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

resulting particle of roughly 12ɀρσ ʈÍȢ 4ÈÉÓ ÐÁÒÔÉÃÌÅ ÉÓ ÃÁÒÒÉÅÄ ÆÏÒ×ÁÒÄ ×ÉÔÈ Á ÎÅ× 

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 reach the 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 optimal 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 clinical environment. 

 

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 the behaviour of aerosol 

ÐÁÒÔÉÃÌÅÓ ×ÉÔÈÉÎ ÉÎÓÕÆÆÌÁÔÅÄ #/Ϝȟ ×ÈÅÒÅ ÃÏÍÐÌÅØ ÉÎÔÅÒÁÃÔÉÏÎÓ ÏÃÃÕÒ ÂÅÔ×ÅÅÎ ÐÁÒÔÉÃÌÅÓȟ ÔÕÒÂÕÌÅÎÔ 

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 modelɂan advanced 3D computational 

ÍÏÄÅÌ ÄÅÓÉÇÎÅÄ ÔÏ ÒÅÐÌÉÃÁÔÅ ÁÓ ÁÃÃÕÒÁÔÅÌÙ ÁÓ ÐÏÓÓÉÂÌÅ ÔÈÅ ÒÅÁÌ ÁÂÄÏÍÉÎÁÌ ÃÁÖÉÔÙ ɉτπ ϼ σπ ϼ ςπ ÃÍɊ 

at a pressure of 15 mmHg, faithfully mimicking capnoperitoneal conditions during clinical 

ÁÐÐÌÉÃÁÔÉÏÎȢ 5ÓÉÎÇ ÔÈÉÓ ÍÏÄÅÌȟ ) ÅØÁÍÉÎÅÄ ÔÈÅ ÄÙÎÁÍÉÃÓ ÏÆ ÐÁÒÔÉÃÌÅÓ ÓÉÚÅÄ υπ АÍȟ σπ АÍ ÁÎÄ ρπ 

АÍȟ ÅÁÃÈ ÅØÐÏÓÅÄ ÔÏ ÃÏÌÌÉÓÉÏÎÓ ×ÉÔÈ ÔÅÎ ÁÄÄÉÔÉÏÎÁÌ ÐÁÒÔÉÃÌÅÓ ÁÐÐÒÏÁÃÈÉÎÇ ÆÒÏÍ ÄÉÆÆÅÒÅÎÔ ÄÉÒÅÃÔÉÏÎÓ 

and velocities (2ɀ6 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 collisionɂevents that naturally occur in vivo. Blue lines represent 

incoming particles before impact, while green lines depict the post-collision trajectories. The aim 

is to visually and quantitatively evaluate how particle 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). 

 

 

 

 



 70 



 71 

 
 

In the SKALA model, collisions of three reference particle typesɂυπ АÍȟ σπ АÍȟ ÁÎÄ ρπ АÍɂ

were analysed against ten incoming particles of varying velocities and directions, but with 

identical reference input parameters. The simulations were conducted in a realistic spatial 

ÅÎÖÉÒÏÎÍÅÎÔ ÒÅÐÌÉÃÁÔÉÎÇ ÔÈÅ ÃÏÎÄÉÔÉÏÎÓ ÏÆ ÔÈÅ ÁÂÄÏÍÉÎÁÌ ÃÁÖÉÔÙ ÕÎÄÅÒ #/Ϝ ÉÎÓÕÆÆÌÁÔÉÏÎ ÁÔ ρυ 

mmHg, as typically used in PIPAC. The objective was to evaluate how each particle deviates after 

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

distribution.  

 

Key findings:  

4ÈÅ ÌÁÒÇÅÓÔ ÒÅÆÅÒÅÎÃÅ ÐÁÒÔÉÃÌÅÓ ɉυπ АÍɊ ÅØÈÉÂÉÔÅÄ ÔÈÅ ÌÏ×ÅÓÔ ÄÅÇÒÅÅ ÏÆ ÄÅÆÌÅÃÔÉÏÎɂon average 7.2 

cm laterally, 4.8 cm vertically, and 3.6 cm in depth. Because of their higher inertia and mass, these 
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particles maintained a relatively stable trajectory after collisions and, paradoxically, penetrated 

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

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

0ÁÒÔÉÃÌÅÓ ÏÆ σπ АÍ ÓÈÏ×ÅÄ ÎÏÔÉÃÅÁÂÌÙ ÇÒÅÁÔÅÒ ÄÉÓÐÅÒÓÉÏÎȢ ! ÌÁÔÅÒÁÌ ÄÅÖÉÁÔÉÏÎ ÏÆ ÕÐ ÔÏ ωȢυ ÃÍ ÁÎÄ 

a vertical deviation of 6.3 cm indicate reduced trajectory stability. Their resultant velocity was 

slightly higherɂaround 6.8 m/sɂbut also less predictable. These particles display greater 

susceptibility to turbulent flow, which may be disadvantageous for uniform peritoneal coverage. 

4ÈÅ ÍÏÓÔ ÐÒÏÂÌÅÍÁÔÉÃ ×ÅÒÅ ÔÈÅ ρπ АÍ ÐÁÒÔÉÃÌÅÓȢ 4ÈÅÉÒ ÔÒÁÊÅÃÔÏÒÉÅÓ ÄÅÖÉÁÔÅÄ ÄÒÁÍÁÔÉÃÁÌÌÙɂup to 

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 carried away from target regions or 

accumulate in so-called hotspots, where they concentrate without therapeutic benefit. Their 

ability to reach shadow zonesɂareas obscured by organs or peritoneal irregularitiesɂis 

significantly reduced. 

 

Conclusion:  

The model clearly demonstrates that smaller particles (10ɀσπ АÍɊ ÁÒÅ ÓÔÒÏÎÇÌÙ ÉÎÆÌÕÅÎÃÅÄ ÂÙ 

flow and turbulence within the capnoperitoneal environment due to their low inertia. This 

increases the risk of uneven distribution, insufficient coverage of target areas, and the formation 

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

#ÏÎÖÅÒÓÅÌÙȟ ÌÁÒÇÅÒ ÐÁÒÔÉÃÌÅÓ ɉÅȢÇȢȟ υπ АÍɊ ÁÒÅ ÓÕÂÓÔÁÎÔÉÁÌÌÙ ÍÏÒÅ ÁÄÖÁÎÔÁÇÅÏÕÓ ÉÎ ÔÅÒÍÓ ÏÆ 

targeted impact, flight stability, and their 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 cavityɂthat is, its geometry, 

density, dispersion angle, and post-nozzle flow dynamics. It represents 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 

3ÐÒÁÙ ÐÁÔÔÅÒÎÉÎÇ ÄÅÓÃÒÉÂÅÓ ÔÈÅ ÁÐÐÅÁÒÁÎÃÅ ÏÆ ÔÈÅ ȰÆÏÏÔÐÒÉÎÔȱ ÏÒ ȰÉÍÐÒÉÎÔȱ ÏÆ ÔÈÅ ÁÅÒÏÓÏÌ ÊÅÔ ÉÎ 

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, a primary jet stream  is formedɂ 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 

ÐÁÒÔÉÃÌÅÓȟ ÍÉØ ×ÉÔÈ ÔÈÅ ÉÎÓÕÆÆÌÁÔÅÄ #/Ϝȟ ÁÎÄ ÇÒÁÄÕÁÌÌÙ ÌÏÓÅ ËÉÎÅÔÉÃ ÅÎÅÒÇÙȢ 

 

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 critical 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 structures. 

 

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 distance between 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. 

#ÏÎÖÅÒÓÅÌÙȟ ÉÆ ÔÈÅ ÓÐÒÁÙ ÐÁÔÔÅÒÎ ÆÁÉÌÓ ÔÏ ÁÄÅÑÕÁÔÅÌÙ ȰÒÅÁÃÈȱ all regions of the cavityɂparticularly 

in the presence of anatomical obstaclesɂshadow 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, adjust the 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 reproducibility of the entire method. 

The spray pattern also provides implicit information about the manufacturer of the atomizerɂ

specifically whether, and to what extent, they are capable of producing a series of atomizers with 

identical spray parameters. The more regular and consistent the pattern, the more reliably the 

ÍÁÎÕÆÁÃÔÕÒÅÒ ÃÁÎ ÄÅÃÌÁÒÅ ÁÎÄ ÒÅÐÒÏÄÕÃÅ ÔÈÅ ÁÔÏÍÉÚÅÒȭÓ ÐÅÒÆÏÒÍÁÎÃÅ ÃÈÁÒÁÃÔÅÒÉÓÔÉÃÓȢ 
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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. From left: a vortex-
ÔÙÐÅ ÎÏÚÚÌÅ ÐÒÏÄÕÃÉÎÇ ÓÍÁÌÌ ÄÒÏÐÌÅÔÓȠ ÉÎ ÔÈÅ ÃÅÎÔÅÒȟ ÔÈÅ 4/0/,Ή ÎÏÚÚÌÅȠ ÁÎÄ ÏÎ ÔÈÅ ÆÁÒ ÒÉÇÈÔȟ ÁÇÁÉÎ Á ÃÏÍÐÅÔÉÎÇ ÖÏÒÔÅØ Îozzle 

generating small droplets. 

 
 

 
 

Hollow cone 

The timeless, subtle, and completely counterintuitive principle of hollow-cone technology 

ɉ4/0/,΅Ɋ ÌÉÅÓ ÉÎ ÔÈÅ ÆÁÃÔ ÔÈÁÔ ÔÈÅ ÉÎÔÅÎÔÉÏÎÁÌÌÙ ȰÌÉÇÈÔÅÎÅÄȱ ÃÅÎÔÅÒ ÏÆ ÔÈÅ ÓÐÒÁÙ ÉÓ not a weaknessɂ

as it might appear at first glanceɂbut 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 patterns of the individual atomizers shown 

above. 

 

"Ù ÄÉÓÔÒÉÂÕÔÉÎÇ ÄÒÏÐÌÅÔÓ ÁÌÏÎÇ Á ÃÉÒÃÕÌÁÒ ÐÅÒÉÍÅÔÅÒȟ 4/0/,΅ ÕÌÔÉÍÁÔÅÌÙ ÅÎÁÂÌÅÓ ÍÏÒÅ 

homogeneous coverage of the peritoneum, while the central regionɂtypically the most naturally 
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exposed areaɂremains protected from excessive aerosol loading. The central void therefore 

functions as a deliberate tolerance zone of the spray, preventing overload and uncontrolled 

deposition. 

 

4ÈÅ ÄÅÓÉÇÎ ÏÆ ÔÈÅ 4/0/,΅ ÁÔÏÍÉÚÅÒ ×ÁÓ ÂÁÓÅÄ ÏÎ ÔÈÅ ÆÕÎÄÁÍÅÎÔÁÌ ÐÒÅÍÉÓÅ ÔÈÁÔȟ ÉÎ ÒÅÁÌ ÃÌÉÎÉÃÁÌ 

practice, target surfaces will never be perfectly flat or laboratory-ideal. 

 

4ÈÉÓ ÉÓ ÃÌÅÁÒÌÙ ÅÖÉÄÅÎÔ ÉÎ ÔÈÅ ÏÐÔÉÃÁÌ ÐÁÔÔÅÒÎÓȡ 4/0/,΅ ÔÒÁÎÓÆÏÒÍÓ ÔÈÅ ÈÏÌÌÏ× ÃÏÎÅ ÉÎÔÏ Á ÆÕÌÌȟ 

highly regular deposition cone, whereas competing vortex-type nozzles generate a pronounced 

and unavoidable HOTSPOT. 

ά! Ƙƻƭƭƻǿ ŎƻƴŜ ǘƘŜǊŜŦƻǊŜ ŜƭŜƎŀƴǘƭȅ ōŀƭŀƴŎŜǎ ōŜǘǿŜŜƴ ǊŜŀŎƘ ŀƴŘ ǎŀŦŜǘȅ ƻŦ 
ŘƛǎǘǊƛōǳǘƛƻƴΦέ 

 

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 processes. Droplets with high momentum tend to 

sediment later ɂ they reach the tissue surface more slowly ɂ 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: 

Ð Ѐ Í ɇ Ö 

 

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 indicates how forcefully a droplet impacts the tissue it is meant to reach, 
and it also expresses its directional resistance against the surrounding 

environment during flight. 

 

 
 
The graph shows how the relative momentum of aerosol droplets changes as a function of 

their diameter from 1 ɀφπ АÍȢ 

 

1. Small droplets (1 ɀρπ АÍɊ 

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

low. 4ÈÅÙ ÁÒÅ ÅÁÓÉÌÙ ÃÁÒÒÉÅÄ Á×ÁÙ ÂÙ #/Ϝ ÆÌÏ× ÁÎÄ ÍÁÙ ÒÅÍÁÉÎ ÓÕÓÐÅÎÄÅÄ ÆÏÒ Á ÌÏÎÇ ÔÉÍÅȢ 

 

2. Medium droplets (10 ɀσπ АÍɊ 

Their mass increases faster than their velocity decreases, so their momentum begins to rise more 

steeply. These droplets have greater inertiaɂthey still react to airflow, but they begin to sediment 

more reliably. 

 

3. Large droplets (30 ɀφπ АÍɊ 

(ÅÒÅ ÔÈÅ ÄÏÍÉÎÁÎÔ ÆÁÃÔÏÒ ÉÓ ÔÈÅ ÓÔÒÏÎÇ ÉÎÃÒÅÁÓÅ ÉÎ ÍÁÓÓ ɉÐÒÏÐÏÒÔÉÏÎÁÌ ÔÏ ÄύɊȢ 

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 direction during flight. 
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Drop size 
When evaluating aerosol droplets in PIPAC, it is essential to understand that the therapeutically 

active component ɂ the cytostatic drug ɂ ÒÅÐÒÅÓÅÎÔÓ ÏÎÌÙ Á ÖÅÒÙ ÓÍÁÌÌ ÆÒÁÃÔÉÏÎ ÏÆ ÔÈÅ ÄÒÏÐÌÅÔȭÓ 

total volume. The remainder consists of water or saline carrier fluid, which can partially or 

ÃÏÍÐÌÅÔÅÌÙ ÅÖÁÐÏÒÁÔÅ ÉÎ ÔÈÅ ÄÒÙ #/Ϝ ÅÎÖÉÒÏÎÍÅÎÔȢ /ÎÃÅ ÔÈÅ ×ÁÔÅÒ ÅÖÁÐÏÒÁÔÅÓȟ ÔÈÅ ÄÒÕÇ ÄÏÅÓ ÎÏÔ 

ÄÉÓÁÐÐÅÁÒȠ ÉÎÓÔÅÁÄȟ ÉÔ ÒÅÍÁÉÎÓ ÁÓ Á ÓÏÌÉÄ ÒÅÓÉÄÕÅȢ 4ÈÅ ÓÉÚÅ ÏÆ ÔÈÉÓ ȰÐÕÒÅ ÃÏÒÅȱ ÏÆ ÃÈÅÍÏÔÈÅÒÁÐÅÕÔÉÃ 

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

 

For droplets typically described in PIPAC ɂ ÆÏÒ ÅØÁÍÐÌÅ σπ АÍ ÁÎÄ υπ АÍ ɂ the size of the solid 

ÃÏÒÅ ÁÆÔÅÒ ÆÕÌÌ ×ÁÔÅÒ ÅÖÁÐÏÒÁÔÉÏÎ ÃÁÎ ÂÅ ÃÁÌÃÕÌÁÔÅÄ ÂÁÓÅÄ ÏÎ ÔÈÅ ÄÒÕÇȭÓ ÖÏÌÕÍÅÔÒÉÃ ÆÒÁÃÔÉÏÎȢ 4ÈÉÓ 

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 ɂ usually several micrometres in diameter. These particles 

are highly relevant for sedimentation behaviour, interaction 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 therapeutic penetration and efficacy. 

 

The smaller the droplet is, the less drug it contains inside. 
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This is a SKALA model, meaning an illustration of the principle rather than a measurement, and 

ÉÔÓ ÐÕÒÐÏÓÅ ÉÓ ÔÏ ÓÈÏ× ÔÈÁÔ Á ÓÍÁÌÌÅÒ ÐÁÒÔÉÃÌÅ ÃÁÎ ÂÅ ÃÁÒÒÉÅÄ ÂÙ ÔÈÅ #/Ϝ ÆÌÏ× ÏÖÅÒ Á ÇÒÅÁÔÅÒ ÄÉÓÔÁÎÃÅ 

than a larger, heavier droplet. 

 

4ÈÅ ÇÒÁÐÈ ÓÈÏ×Ó ÔÈÁÔ Á ÓÍÁÌÌÅÒ ÁÅÒÏÓÏÌ ÐÁÒÔÉÃÌÅ ×ÉÔÈ Á ÄÉÁÍÅÔÅÒ ÏÆ σπ АÍ ÉÓ ÃÁÐÁÂÌÅ ÏÆ ÔÒÁÖÅÌÉÎÇ 

Á ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÇÒÅÁÔÅÒ ÄÉÓÔÁÎÃÅ ÉÎ ÔÈÅ ÃÁÐÎÏÐÅÒÉÔÏÎÅÁÌ ÅÎÖÉÒÏÎÍÅÎÔ ÃÏÍÐÁÒÅÄ ÔÏ Á ÌÁÒÇÅÒ υπ АÍ 

droplet. 

 

4ÈÉÓ ÉÓ ÂÅÃÁÕÓÅ ÔÈÅ ÓÍÁÌÌÅÒ ÐÁÒÔÉÃÌÅ ÈÁÓ ÌÏ×ÅÒ ÍÁÓÓȟ ÌÏ×ÅÒ ÉÎÅÒÔÉÁȟ ÁÎÄ ÍÏÒÅ ÅÁÓÉÌÙ ȰÃÁÔÃÈÅÓȱ ÔÈÅ 

#/Ϝ ÆÌÏ× ÁÎÄ ÌÏÃÁÌ ÖÏÒÔÉÃÅÓȢ )Î ÃÏÎÔÒÁÓÔȟ ÔÈÅ υπ АÍ ÄÒÏÐÌÅÔ ÉÓ ÈÅÁÖÉÅÒȟ ÓÅÄÉÍÅÎÔÓ ÍÏÒÅ ÑÕÉÃËÌÙȟ ÁÎÄ 

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 momentum much 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 anticancer drugɂÏÎÅ ÔÈÁÔ ÅØÃÅÅÄÓ ÔÈÅ ÔÕÍÏÕÒȭÓ ÁÂÉÌÉÔÙ ÔÏ ÁÄÁÐÔȟ 

neutralise the drug, or repair the cellular damage that occurs. It 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 sudden energetic exhaustion. 

 

In HIPEC / HITHOC, this effect is further enhanced by the presence of heat-shock 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 cannot compensate for the 

steep concentration gradient produced when a large aerosol dropletɂor a solid drug residue 

after evaporationɂimpacts the tumour surface during PIPAC/PITAC. 

 

4ÈÉÓ ÅØÔÒÅÍÅ ÇÒÁÄÉÅÎÔȟ ÁÃÃÏÒÄÉÎÇ ÔÏ &ÉÃËȭÓ ÌÁ×ȟ ÄÒÉÖÅÓ Á ÍÁÓÓÉÖÅ ÁÎÄ ÉÍÍÅÄÉÁÔÅ ÉÎÆÌÕØ ÏÆ ÃÙÔÏÓÔÁÔÉÃ 

ÍÏÌÅÃÕÌÅÓ ÉÎÔÏ ÔÈÅ ÔÕÍÏÕÒȟ ÐÒÏÄÕÃÉÎÇ Á ȰÓÈÏÃËȱ ÅØÐÏÓÕÒÅ ÔÈÁÔ ÔÈÅ ÔÕÍÏÕÒ ÃÁÎÎÏÔ ÐÈÙÓÉÏÌÏÇÉÃÁÌÌÙ 

counteract. 

 

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 drugɂan 

effect particularly relevant in intraperitoneal and intrathoracic aerosol-based therapies such as 

PIPAC and PITAC. 

 

 

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 issue 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. 

 

4ÈÅÓÅ ÌÉÍÉÔÁÔÉÏÎÓ ÉÎÃÌÕÄÅ ÔÈÅÉÒ ÒÅÄÕÃÅÄ ÄÅÐÏÓÉÔÉÏÎȟ ÈÉÇÈ ÍÏÂÉÌÉÔÙ ×ÉÔÈÉÎ #/Ϝ ÔÕÒÂÕÌÅÎÃÅȟ ÌÏ× 

sedimentation speed, and limited ability to generate effective concentration gradients on the 

tumour surface. We have visualised and interpreted these effects using basic 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 capnoperitoneum 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 little-ÄÅÓÃÒÉÂÅÄ ÁÎÄ ÏÆÔÅÎ ÁÌÍÏÓÔ ȰÍÙÓÔÅÒÉÏÕÓȱ ÉÎÔÅÒÁÃÔÉÏÎÓ ÔÈÁÔ 

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 level of 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 does 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 pressureɂwhether accidentally, unknowingly, 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 the jet 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 other words, a ÎÏÚÚÌÅ ×ÉÔÈ Á ÎÏÍÉÎÁÌ ÄÉÁÍÅÔÅÒ ÏÆȟ ÆÏÒ ÅØÁÍÐÌÅȟ ςππ АÍ ÄÏÅÓ ÎÏÔ 

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. 

 

.ȅ ǎƛƳǇƭȅ ŎƘŀƴƎƛƴƎ ǘƘŜ ǇǊŜǎǎǳǊŜΣ ŜǾŜƴ ŀ ƴƻȊȊƭŜ ǿƛǘƘ ŀ ƳŀǊƪŜǘŜŘ ǾŀƭǳŜ ƻŦ ол ҡƳ 
Ŏŀƴ Ŝŀǎƛƭȅ ǇǊƻŘǳŎŜ ƭŀōƻǊŀǘƻǊȅ ŘǊƻǇƭŜǘ ǎƛȊŜǎ ƻŦ рл ҡƳ ƻǊ ŜǾŜƴ ну ҡƳΦ !ƴŘ ŀ ƴƻȊȊƭŜ 
ƳŀǊƪŜǘŜŘ ŀǎ рл ҡƳ Ƴŀȅ ƛƴ ǊŜŀƭƛǘȅ ǇǊƻŘǳŎŜΣ ŦƻǊ ŜȄŀƳǇƭŜΣ пт ҡƳ ƻǊ ŜǾŜƴ тл ҡƳ 

droplets. 

  

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 transferable to real-world 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 inside the cavity. If this factor is not 

standardized, droplet-size 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 

ÁÅÒÏÓÏÌ ÄÒÏÐÌÅÔÓ ÉÓ ÄÅÔÅÒÍÉÎÅÄ ÎÏÔ ÏÎÌÙ ÂÙ ÔÈÅ ÎÏÚÚÌÅȭÓ ÃÏÎÓÔÒÕÃÔÉÏÎȟ ÂÕÔ ÐÒÉÍÁÒÉÌÙ ÂÙ ÔÈÅ 

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 atomization 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 peritoneal or 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 pressure, the opposite occurs: droplet size may increase up to 

Ô×ÏÆÏÌÄȟ ÆÕÎÄÁÍÅÎÔÁÌÌÙ ÃÈÁÎÇÉÎÇ ÔÈÅ ÁÅÒÏÓÏÌȭÓ ÐÈÙÓÉÃÁÌ ÂÅÈÁÖÉÏÒȢ 

 

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 the pressure 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 particle-size distribution. Therefore, the surgeon 

must actively monitor and adjust pressure settings during application 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 carɂbut 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. 

 

 
 
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 valuesɂ30 micrometers and 50 

micrometersɂmeasured 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 depends on 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 droplets form, which is clearly 

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

ÁÓ ÔÈÅ ÌÉÑÕÉÄ ÊÅÔ ȰÌÏÓÉÎÇ ÉÔÓ ÅÎÅÒÇÙȱ ÁÎÄ ÂÅÃÏÍÉÎÇ ÕÎÁÂÌÅ ÔÏ ÂÒÅÁË ÕÐ ÅÆÆÉÃÉÅÎÔÌÙ ÉÎÔÏ ÆÉÎÅ ÁÅÒÏÓÏÌȢ 

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 into 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 sediment more 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 single pressure regardless of the 

situation influences not only particle size but also momentum, dispersion speed, turbulence 

patterns, and ultimately whereɂand how evenlyɂthe 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 primarily where 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 distribute more 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 adjust only 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 as a result 

of the nozzle resistance and the physical properties of the liquid. Under these conditions, the 

actual operating pressure can fluctuate significantly depending on the situationɂoften without 

the surgeon having immediate awareness of these changes. 

 

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

more precise control over droplet size and aerosolization dynamics. 

 



 86 

However, if the surgeon uses an injector that does not offer direct pressure control, they are 

forced to convert the desired pressure value into an equivalent flow rate using proportional 

ÃÁÌÃÕÌÁÔÉÏÎ ɉȰÒÕÌÅ ÏÆ ÔÈÒÅÅȱɊ ÂÁÓÅÄ ÏÎ ÍÁÎÕÆÁÃÔÕÒÅÒ-provided data. This conversion must be done 

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 between flow -controlled  and pressure -controlled  injectors is not merely a 

technical preferenceɂit 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: 

ὖÂÁÒ
ὖÐÓÉ

ρτȢυπσψ
 

 

For 330 psi: 

ὖ
σσπ

ρτȢυπσψ
ςςȢχυ ײÂÁÒ 

 

 

Flow-rate calculation  

Flow rate is proportional to the square root of pressure: 

ὗᶿЍὖ 

 

The manufacturer provided the reference value: 

ὖ ςπ ײÂÁÒᵼὗ ρςτ ײÍÌȾÍÉÎ 

 

Therefore: 

ὗ

ὗ

ὖ

ὖ
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Substituting: 

ὗ ρςτẗ
ςςȢχυ

ςπ
 

 

Calculation: 

ὗ ρςτẗЍρȢρσχυ 

ὗ ρςτẗρȢπφφ 

ὗ ρσςȢς ײÍÌȾÍÉÎ 

 

 

Conversion to ml/s  

If the injector cannot display ml/min, we convert: 

 

ὗÍÌȾÓ
ρσςȢς

φπ
 

ὗÍÌȾÓςȢςπσ ײÍÌȾÓ 

 

The larger the affected area is, the more pressure I add. 
The smaller it is, the more I reduce the pressure and target it precisely. 
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SHADOW ZONES 

Definition 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. These areas are referred to as shadow 

zones. Shadow zones arise mainly due to the anatomical complexity of the peritoneal cavity, which 

contains deep recesses, pockets, and folds ɂ such as subphrenic spaces, pelvic recesses, or the 

regions between intestinal loops. The aerosol travels in the form of flow 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 are insufficiently 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 as shadow zones. 

 

Shadow zones primarily arise due to the complex anatomy of the peritoneal cavity, which 

contains deep recesses, pockets, and foldsɂsuch as various subphrenic spaces, pelvic recesses, 

and spaces between bowel loops. The aerosol travels in streams that collide with 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 enclosed 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. More distant 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 to lower local 

concentrations of cytostatic agents , resulting in reduced 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 of dynamic 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 

¶ 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, 

¶ due to incorrect capnoperitoneal pressure. 

 

 

 

An example of practical exposure of SHADOW zones during dynamically performed PIPAC. The 

image shows that the aerosol acts directly on the affected tissue that, under normal 

circumstances, would be reached only minimally or not at all. This creates a temporary 

HOTSPOT ɂ 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 ɂ technical, surgical, and technological. 

 

1. Dynamic PIPAC ɀ active movement of the atomizer  

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

atomizer during application. 

¶ The surgeon changes the angle, direction, and position of the atomizer. 

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

¶ Stagnant flow zones are disrupted. 

 

From a fluid-dynamic perspective, this is the most powerful method because it responds directly 

ÔÏ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÒÅÁÌ ÁÎÁÔÏÍÙȢ 

 

2. Optimization of injection pressure and flow rate  

0ÒÏÐÅÒ ÐÈÙÓÉÃÁÌ ÐÁÒÁÍÅÔÅÒÓ ÉÍÐÒÏÖÅ ÔÈÅ ȰÒÅÁÃÈȱ ÏÆ ÐÁÒÔÉÃÌÅÓ ÁÎÄ ÔÈÅÉÒ ÁÂÉÌÉÔÙ ÔÏ ÆÉÌÌ ÔÈÅ 

cavity. Helpful adjustments include: 

¶ (ÉÇÈÅÒ ÉÎÊÅÃÔÉÏÎ ÐÒÅÓÓÕÒÅ ᴼ ÂÅÔÔÅÒ ÐÅÎÅÔÒÁÔÉÏÎ ÉÎÔÏ ÒÅÃÅÓÓÅÓȟ ÒÅÄÕÃÅÄ 

premature settling. 

¶ /ÐÔÉÍÁÌ ÆÌÏ× ᴼ ÔÏÏ ÌÏ× ÃÁÕÓÅÓ ÉÎÓÕÆÆÉÃÉÅÎÔ ÔÕÒÂÕÌÅÎÃÅȠ ÔÏÏ ÈÉÇÈ ÃÒÅÁÔÅÓ 

hotspots. 

¶ 3ÔÁÂÌÅ ÐÎÅÕÍÏÐÅÒÉÔÏÎÅÕÍ ɉÔÙÐÉÃÁÌÌÙ ρς ÍÍ(ÇɊ ᴼ ÐÒÅÓÅÒÖÅÓ ÁÄÅÑÕÁÔÅ ÃÁÖÉÔÙ 

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: 

¶ 4ÏÏ ÌÏ× ᴼ ÓÈÁÄÏ× ÚÏÎÅÓ ÁÐÐÅÁÒ ÂÅÎÅÁÔÈ ÔÈÅ ÌÅÖÅÌ ÏÆ ÔÈÅ ÓÐÒÁÙȢ 

¶ 4ÏÏ ÈÉÇÈ ᴼ ÆÉÎÅ ÁÅÒÏÓÏÌ ÍÁÙ ÃÏÎÄÅÎÓÅ ÂÅÆÏÒÅ ÒÅÁÃÈÉÎÇ ÄÅÅÐÅÒ ÒÅÇÉÏÎÓȢ 

¶ 7ÒÏÎÇ ÁÎÇÌÅ ᴼ ÁÓÙÍÍÅÔÒÉÃ ÄÉÓÔÒÉÂÕÔÉÏÎȢ 

 

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, 

¶ or even with multiple atomizers simultaneously. 

 

5. Manipulation of patient positioning  

Gravity significantly affects aerosol behavior. 

#ÈÁÎÇÉÎÇ ÔÈÅ ÐÁÔÉÅÎÔȭÓ ÐÏÓÉÔÉÏÎ ÄÕÒÉÎÇ ÁÐÐÌÉÃÁÔÉÏÎ ÃÁÎ ÈÅÌÐ ÄÉÓÔÒÉÂÕÔÅ ÁÅÒÏÓÏÌ ÉÎÔÏȡ 

Ɇ ÓÕÂÐÈÒÅÎÉÃ ÓÐÁÃÅÓȟ 

Ɇ ÔÈÅ ÐÅÌÖÉÓȟ 

Ɇ ÌÁÔÅÒÁÌ ÒÅÃÅÓÓÅÓȢ 

 

Common positions: 

¶ 4ÒÅÎÄÅÌÅÎÂÕÒÇ ᴼ ÉÍÐÒÏÖÅÓ ÐÅÌÖÉÃ ÃÏÖÅÒÁÇÅȢ 

¶ 2ÅÖÅÒÓÅ 4ÒÅÎÄÅÌÅÎÂÕÒÇ ᴼ ÉÍÐÒÏÖÅÓ ÓÕÂÐÈÒÅÎÉÃ ÃÏÖÅÒÁÇÅȢ 

¶ ,ÁÔÅÒÁÌ ÔÉÌÔÉÎÇ ᴼ ÉÍÐÒÏÖÅÓ ÃÏÖÅÒÁÇÅ ÏÆ ÔÈÅ ÓÉÄÅÓȢ 

 

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 
 

Definition 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 zonesɂareas 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, where the pressurized stream impacts 

a specific region of the peritoneum and creates a primary hyper-concentration zone. Secondary 

hotspots may also form due to turbulence around the liver, spleen, omentum, or intestinal loops, 

which create vortices that trap and concentrate aerosol particles. This effect is especially 

pronounced with fine and light aerosols. 

 

Sedimentation also plays a role. In dependent regions of the cavityɂespecially if the aerosol 

contains heavier droplets or if airflow turbulence is lowɂexcessive particle deposition may 

occur. Hotspots can likewise develop in anatomical folds, pockets, or 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 peritoneÕÍ ÍÁÙ ÂÅ ȰÏÖÅÒ-ÔÒÅÁÔÅÄȱ 

×ÈÉÌÅ ÁÎÏÔÈÅÒ ÉÓ ȰÕÎÄÅÒ-ÔÒÅÁÔÅÄȢȱ 3ÕÃÈ ÈÅÔÅÒÏÇÅÎÅÉÔÙ ÒÅÄÕÃÅÓ ÔÈÅ ÐÒÅÄÉÃÔÁÂÉÌÉÔÙ ÏÆ ÃÌÉÎÉÃÁÌ 

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 studied, as excessively high 
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local dosing does not always translate to improved therapeutic effectɂinstead 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 promote 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 homogeneous mist but passes through a phase 

ÏÆ ÈÉÇÈ ÖÅÌÏÃÉÔÙȟ ÄÒÏÐÌÅÔ ÂÒÅÁËÕÐȟ ÍÉØÉÎÇ ×ÉÔÈ #/Ϝȟ ÁÎÄ ÒÅÐÅÁÔÅÄ ÉÍÐÁÃÔÓ ÁÇÁÉÎÓÔ ÁÎÁÔÏÍÉÃÁÌ 

structures. Around large organs such as the liver, spleen, stomach, or omentum, vortical currents 

and local turbulence develop. Within 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 

ÌÏÃÁÔÉÏÎÓ ×ÈÅÒÅ ÔÈÅ ÁÉÒÆÌÏ× ÆÏÒÍÓ ȰÐÏÃËÅÔÓȱ ÏÆ ÐÁÒÔÉÃÌÅ ÁÃÃÕÍÕÌÁÔÉÏÎȢ ! ÓÉÍÉÌÁÒ ÅÆÆÅÃÔ ÁÐÐÅÁÒÓ ÉÎ 

anatomical recesses, grooves and pocketsɂsuch as the pelvic recesses, paracolic gutters, or 

subphrenic spacesɂwhere 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 gravity. If 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 producedɂcreating 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 tunnel-like spaces where aerosol 

can enter only marginally; however, once particles enter such a spaceȟ ÔÈÅÉÒ ȰÅØÉÔȱ ÍÁÙ ÂÅ 

restricted and the particles accumulateɂproducing a local hotspot inside an adhesive pocket. 

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

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

stream remains continuously oriented toward the same sector of the cavity. 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 PIPACɂwhere the surgeon actively adjusts the position and angle of the nebulizer 

during applicationɂthe flow becomes more variable, particle distribution spreads across a larger 

surface, and the risk of extreme overload zones decreases. However, even with dynamic 

technique, improper handlingɂsuch as prolonged spraying at one spot, an unfavourable angle to 

the surface, or a short distance between nozzle and peritoneumɂcan 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 and those 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 others remain 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 hotspots this 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 doseɂÔÈÅÒÅ ÁÒÅ ȰÏÖÅÒÈÅÁÔÅÄȱ ÐÏÉÎÔÓȟ ÈÙÐÅÒ-exposure zones that may 

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 nebulizer movement, 

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

completely eliminatedɂeven 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: 

1. Dynamic movement of the atomizer ɀ essential and most effective. 

2. Variable nozzle orientation ɀ never aim in one direction for too long. 

3. Optimal pressure, flow rate, and nozzle height. 

4. Use of modern aerosolization technologies. 

5. Patient positioning during application. 

6. Maintaining turbulence and preventing stagnation. 

7. Multi -positional technique ɀ multiple application positions. 

 

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

completely. 
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%ØÁÍÐÌÅ ÏÆ ÐÏÓÉÔÉÏÎÉÎÇ ÔÈÅ 4/0/,΅ ÁÔÏÍÉÚÅÒ ÄÕÒÉÎÇ ÓÔÁÔÉÃ 0)0!#Ȣ 

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 multi-axis 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 
 

 
 

Preface 
)Î ÔÏÄÁÙȭÓ ÌÁÎÄÓÃÁÐÅȟ ÏÎÅ ÃÁÎ ÏÂÓÅÒÖÅ Á ÒÁÐÉÄɂsometimes almost frantic ɂdevelopment 

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 multi-axis atomizers that spray aerosol from several 

outlets simultaneously. In laboratory settingsɂinside closed boxes without anatomical obstacles 

and with ideally laminar flowɂsuch systems may produce impressive data. However, the real 

peritoneal or pleural cavity is vastly more complex, and its dynamics unequivocally favor a 

predictable, reproducible geometry of a single well-controlled 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 

ÐÁÔÔÅÒÎÁÔÉÏÎ ÍÁÙ ÌÏÏË ÁÄÖÁÎÔÁÇÅÏÕÓ ÏÎ ÐÁÐÅÒȟ ÓÏÍÅ ÄÅÖÅÌÏÐÅÒÓ ÁÄÄ ÖÁÒÉÏÕÓ ȰÐÅÒÆÏÒÍÁÎÃÅ 

ÈÏÏËÓȱ ÏÒ ÄÉÆÆÕÓÉÎÇ ÅÌÅÍÅÎÔÓ ÁÒÏÕÎÄ ÔÈÅ ÎÏÚÚÌÅ ÔÈÁÔ ÍÁÙ ÉÍÐÒÏÖÅ ÔÕÒÂÕÌÅÎÔ Äispersion in a 

laboratory environment. Yet in real surgical conditionsɂespecially in confined spaces, in the 

presence of organs, adhesions, or during pleural PITACɂthese extra components may limit 

maneuverability, obstruct visualization, or deform the spray 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 nozzle geometry or multi-axis 

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 

interactionɂif these laws are not respected, even the most exciting technological novelty cannot 

replace a stable, well-designed atomizer that functions reliably in real anatomical conditions. 

 

And although technological development in PIPAC and PITAC is accelerating at an unprecedented 

pace, the human body itselfɂanatomically and physiologicallyɂremains 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 peritoneal or pleural cavity. 

 

Identification 
It is such an atomizer that fails in one or more key areas, such as: 

¶ particle size, 

¶ spray pattern, 

¶ turbulence and directional flow stability, 

¶ shape-related compatibility with anatomical conditions or intraoperative 

maneuverability, 

¶ oversized or over-engineered 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 variability in biological 

effectiveness. 

Inappropriate spray pattern 

4ÈÅ ÇÁÔÅ×ÁÙ ÉÎÔÏ ÔÈÅ ȰÓÏÕÌȱ ÏÆ ÅÖÅÒÙ ÁÔÏÍÉÚÅÒȭÓ ÑÕÁÌÉÔÙ ÉÓ ÉÔÓ ÓÐÒÁÙ ÐÁÔÔÅÒÎȢ 

A typical hallmark of a suboptimal atomizer is an inappropriate spray pattern ɂ 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 excessively wide 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. 
From left to right: a vortex-ÔÙÐÅ ÎÏÚÚÌÅ ÐÒÏÄÕÃÉÎÇ ÓÍÁÌÌ ÄÒÏÐÌÅÔÓȟ ÔÈÅ 4/0/,Ή ÎÏÚÚÌÅ ÉÎ ÔÈÅ ÃÅÎÔÅÒȟ ÁÎÄ ÏÎ ÔÈÅ ÆÁÒ ÒÉÇÈÔ ÁÎÏÔÈÅÒ ÖÏÒÔÅØ-

based competitor nozzle with small droplet sizes. 
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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 designɂÁÇÁÉÎ ÒÏÏÔÅÄ ÉÎ ÔÈÅ ÓÐÒÁÙȭÓ ÐÁÔÅÒÎÁÔÉÏÎɂis poor control 

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 surfacesɂconditions entirely unlike the real peritoneal or pleural cavity, where 

organs, adhesions, folds, and pressure variations create a complex physical 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, 

ÏÒ ÕÎÓÕÉÔÁÂÌÅ ÇÅÏÍÅÔÒÙ ÃÁÎ ÒÅÓÔÒÉÃÔ ÔÈÅ ÓÕÒÇÅÏÎȭÓ ÁÂÉÌÉÔÙ ÔÏ ÇÕÉÄÅ ÔÈÅ ÁÔÏÍÉÚÅÒ ÐÒÅÃÉÓÅÌÙ ÁÎÄ 

dynamically, further increasing the unevenness of application. 

 

Such devices are often equipped with bulky structural additions that may interfere in real surgical 

ÓÅÔÔÉÎÇÓȢ !Î ÅÎÌÁÒÇÅÄ ÄÉÁÍÅÔÅÒȟ ÁÕØÉÌÉÁÒÙ ÄÅÆÌÅÃÔÏÒÓȟ ÏÒ ÒÅÉÎÆÏÒÃÉÎÇ ȰÈÏÏËÓȱ ÃÁÎ ÃÏÍÐÌÉÃÁÔÅ 

dynamic PIPAC, limit maneuverability during PITAC, or obstruct access 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 pleural cavity. 

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

ÁÔ ÒÁÐÉÄ ÔÅÃÈÎÏÌÏÇÉÃÁÌ ÉÎÎÏÖÁÔÉÏÎȟ ÍÁÒËÅÔÉÎÇ ÁÐÐÅÁÌȟ ÏÒ ÔÈÅ ÄÅÓÉÒÅ ÔÏ ÓÈÏ×ÃÁÓÅ ÁÅÒÏÓÏÌ ȰÐÏ×ÅÒȢȱ 

3ÕÃÈ Á ÄÅÖÉÃÅ ÍÁÙ ÁÐÐÅÁÒ ÉÍÐÒÅÓÓÉÖÅ ÁÎÄ ȰÔÅÃÈÎÏÌÏÇÉÃÁÌÌÙ ÁÄÖÁÎÃÅÄȱ ÁÔ ÆÉÒÓÔ ÇÌÁÎÃÅȟ ÂÕÔ ÉÔÓ ÒÅÁÌ-

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 hotspotsɂzones of hyper-

exposure where cytostatic agents accumulate in non-physiological concentrations. These zones 

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

opposite effect can occur: pronounced shadow zones in distant or anatomically shielded areas, 

ÂÅÃÁÕÓÅ ÔÈÅ ÏÖÅÒÓÉÚÅÄ ÎÏÚÚÌÅ ȰÓÈÏÏÔÓȱ ÔÈÅ ÁÅÒÏÓÏÌ ÔÏÏ ÁÇÇÒÅÓÓÉÖÅÌÙ ÔÏ×ÁÒÄ Á ÓÉÎÇÌÅ ÒÅÇÉÏÎȟ ÌÏÓÉÎÇ 

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, or pleural recesses. 

An oversized atomizer is often designed to excel under laboratory conditionsɂinside 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 not necessarily 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 progressɂeven though clinically they may lead to inferior results. 

In summary, the problem of an oversized atomizer can be expressed simply: bigger is not better.  

Just as smaller 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 oversized atomizer disrupts this 

balanceɂand 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 

ÁÅÒÏÓÏÌ ÃÏÎÅȟ ÔÈÅ ÌÁÒÇÅÒ ÔÈÅ ÁÒÅÁ ÔÈÁÔ ÉÓ ȰÈÉÔȱ ÁÔ ÏÎÃÅȟ ×ÈÉÃÈ ÓÈÏÕÌÄȟ ÉÎ ÔÈÅÏÒÙȟ ÉÍÐÒÏÖÅ ÃÁÖÉÔÙ 

coverage. In practice, however, the situation is far more complex, 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 a large ÁÎÇÌÅ ÎÉÃÅÌÙ ȰÐÁÉÎÔÓȱ ÁÌÌ ÓÕÒÆÁÃÅÓȢ 

But once the same atomizer enters the peritoneal or pleural cavity, it encounters an entirely 

different realityɂorgans, 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 not  

automatically create better homogeneityɂin 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 

ÅØÔÒÅÍÅÌÙ ×ÉÄÅ ÃÏÎÅÓȟ ÍÁÎÕÆÁÃÔÕÒÅÒÓ ÏÆÔÅÎ ÁÄÄ ÄÅÆÌÅÃÔÏÒÓȟ ÄÉÓÐÅÒÓÉÏÎ ÒÉÎÇÓȟ ÏÒ ȰÐÅÒÆÏÒÍÁÎÃÅ 

ÈÏÏËÓȱ ÁÒÏÕÎÄ ÔÈÅ ÎÏÚÚÌÅȢ 4ÈÅÓÅ ÍÁÙ ÉÍÐÒÏÖÅ ÄÉÓÐÅÒÓÉÏÎ ÉÎ Á ÐÅÒÆÅÃÔ Ìab box, but in the confined 

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 

ÌÉÍÉÔ ÍÁÎÅÕÖÅÒÉÎÇ ÂÅÔ×ÅÅÎ ÔÈÅ ÒÉÂÓ ÁÎÄ ÔÈÅ ÌÕÎÇȢ 4ÈÅ ÉÄÅÁ ÔÈÁÔ ȰÔÈÅ ×ÉÄÅÒ ÔÈÅ ÁÎÇÌÅȟ ÔÈÅ ÂÅÔÔÅÒȱ 

hits the hard limits of ergonomics and practical usability. 

 

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

ÁÎÄ ÔÈÅ ÌÅÓÓ ȰÒÅÁÃÈȱ ÔÈÅ ÁÅÒÏÓÏÌ ÈÁÓ ÔÏ ÐÅÎÅÔÒÁÔÅ ÄÅÅÐÅÒ ÒÅÃÅÓÓÅÓȢ 0ÁÒÔÉÃÌÅÓ ÌÏÓÅ ÓÐÅÅÄ ÂÅÆÏÒÅ 

overcoming anatomical obstacles and, instead of reaching targeted, difficult -to-access regions, 

they impact the nearest surfaces. If the theory and parameters of a single, stable, well-controlled 

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 raceɂan easy number to advertise 

ɉȰÏÕÒ ÎÏÚÚÌÅ ÈÁÓ ρτπЈȱɊȟ ÂÕÔ ÏÎÅ ÔÈÁÔ ÓÁÙÓ ÌÉÔÔÌÅ ÁÂÏÕÔ ÒÅÁÌ-world homogeneity, particle size, or 

turbulence. Instead, it raises questions about the creation of hotspots 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.  

 

&ÁÒ ÍÏÒÅ ÉÍÐÏÒÔÁÎÔ ÔÈÁÎ ȰÔÈÅ ×ÉÄÅÓÔ ÁÎÇÌÅ ÐÏÓÓÉÂÌÅȱ ÉÓ Á ×ÅÌÌ-understood, physically stable, and 

surgically controllable spray that respects the anatomical limits of the human bodyɂunchanged 

for centuries, even as technology around it evolves far too quickly. 

 

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. Nevertheless, from a fluid-mechanical 

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 itɂstability, flight trajectory, 

inertia, evaporation, sensitivity to turbulence, and the ability to impact 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 essentialɂonce knowledge from dynamic PIPAC and ePIPAC is addedɂis 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. Consequently, a wide spray cone 

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

ÁÒÏÕÎÄ ρυπЈ ÉÎÄÅÅÄ ÄÅÍÏÎÓÔÒÁÔÅÄ Á ÓÕÂÓÔÁÎÔÉÁÌ ÉÍÐÒÏÖÅÍÅÎÔ ÉÎ ÈÏÍÏÇÅÎÅÉÔÙ ÁÔ ÁÌÌ ÔÈÒÅÅ ÈÅÉÇÈÔ 

levels. For static applications, a wide 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. 

 

)ÎÈÏÍÏÇÅÎÅÉÔÙ ÉÓ ÁÌÓÏ ÇÅÎÅÒÁÔÅÄ ÂÙ ÔÕÒÂÕÌÅÎÃÅ ÐÒÏÐÁÇÁÔÉÏÎȟ ÒÅÖÅÒÓÅ #/Ϝ ÃÕÒÒÅÎÔÓȟ ÁÎÁÔÏÍÉÃÁÌ 

obstacles, and the geometry of the cavityɂfactors that cannot be solved by the spray angle alone. 

/ÎÃÅ ÔÈÅ ÁÐÐÌÉÃÁÔÉÏÎ ÃÅÁÓÅÓ ÔÏ ÂÅ ÓÔÁÔÉÃȟ ÔÈÅ ÓÔÒÁÉÇÈÔÆÏÒ×ÁÒÄ ÁÓÓÕÍÐÔÉÏÎ ÔÈÁÔ ȰÔÈÅ ×ÉÄÅÒ ÔÈÅ ÁÎÇÌÅȟ 

ÔÈÅ ÂÅÔÔÅÒ ÔÈÅ ÄÉÓÔÒÉÂÕÔÉÏÎȱ ÃÏÌÌÁÐÓÅÓ ÄÒÁÍÁÔÉÃÁÌÌÙȢ 

 

Dynamic PIPACɂwhere the nozzle is deliberately tilted, rotated, or shifted so that the aerosol can 

reach narrow anatomical recesses, pouch-like regions, or interorgan spacesɂrequires an entirely 

different geometry. Here, a wide cone becomes an obstacle. Very wide 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 volumetrically narrow 

spaces. 

 

In contrast, a narrower angleɂsuch as 60ɀψπЈɂmay 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 generate 

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 extremely wide and turbulent 

cone. A narrow or moderately wide angle forms a much more stable particle column that behaves 

ÐÒÅÄÉÃÔÁÂÌÙ ÉÎ ÔÈÅ ÁÐÐÌÉÅÄ ÆÉÅÌÄ ÁÎÄ ÄÏÅÓ ÎÏÔ ÇÅÎÅÒÁÔÅ ÕÎÃÏÎÔÒÏÌÌÅÄ ÆÌÏ× ÄÉÓÔÕÒÂÁÎÃÅÓ ÉÎ #/ϜȢ )Î 

these regimes, ultra-wide angles may entirely 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. The fundamental 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. What is 

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 universal 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 narrower 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 phenomenaɂtransport, inertia, penetration, 

ÉÎÔÅÒÁÃÔÉÏÎ ×ÉÔÈ ÔÕÒÂÕÌÅÎÔ #/Ϝȟ ÅÖÁÐÏÒÁÔÉÏÎȟ ÔÉÓÓÕÅ ÉÍÐÁÃÔÉÏÎɂderive directly from droplet size, 

and these principles do not change in static, dynamic, or energy-modified PIPAC. 
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For this reason, droplet size can be considered the true primary 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 between 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 topic. 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 pressuresɂreaching levels comparable to 

industrial high-pressure systemsɂand therefore must be engineered to withstand mechanical 

stress, thermal fluctuations, and the chemical aggressiveness of cytotoxic drugs. Any structural 

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, thereby influencing the 

potential exposure risk for staff. Every change in pressureɂintentional or accidentalɂmodifies 

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, and the 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 based either on moving mechanical 

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

ÉÎÔÅÒÎÁÌ ÄÅÓÉÇÎ ×ÉÔÈ ÎÏ ÍÏÖÉÎÇ ÃÏÍÐÏÎÅÎÔÓ ÁÔ ÁÌÌ ɉ4/0/,΅ɊȢ 
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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 partsɂsuch as a sliding pistonɂintroduce 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 occurs 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 parts also increases the likelihood of 

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

materials when exposed to cytotoxic agents. 

 

)Î ÃÏÎÔÒÁÓÔȟ ÁÔÏÍÉÚÅÒÓ ×ÉÔÈ Á ÆÕÌÌÙ ÓÔÁÔÉÃ ÉÎÔÅÒÎÁÌ ÃÏÎÓÔÒÕÃÔÉÏÎ ɉ4/0/,΅Ɋɂi.e., no moving partsɂ

demonstrate significantly greater pressure and mechanical safety. A static design eliminates the 

risks associated with blocked mechanisms, material fatigue at mechanical 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 far less 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 predictable, stable, 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 

 

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 high-pressure operation, constitute potential points of weakness. An 

atomizer operating in the range of tens of bar must be engineered so that 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 (1ɀ10), some of which are connected by 

threads, press-fits, 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 locations exist 

for material fatigue, microscopic deformation, or leakage. High-pressure 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 small 

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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3. 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 thread tears, 

the stored pressure energy may be released suddenly and dangerously. This is indirectly 

ÃÏÎÆÉÒÍÅÄ ÂÙ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÁÄÄÉÔÉÏÎÁÌ ÕÓÅ ÏÆ ÅÐÏØÙ ÊÏÉÎÔÓ ÁÓ Á ÓÁÆÅÔÙ ÍÅÁÓÕÒÅȠ 

however, these toxic compounds are located inside the atomizer, and contact with the 

drug solution cannot be unequivocally excluded. 

 

4. 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 an O-ring ruptures, 

the pressure energy is released uncontrollably, posing a clear hazard to both the patient 

and the surgical team. 

 

5. 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. Failure of 

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

 

6. The multi -ÐÁÒÔ ȰÐÉÓÔÏÎ ÃÁÒÒÉÅÒȱ ɉÐÁÒÔ χɊ ÐÏÓÅÓ ÔÈÅ ÍÏÓÔ ÓÅÒÉÏÕÓ ÓÁÆÅÔÙ ÃÏÎÃÅÒÎ 

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. 

 

7. 4ÈÅ ÏÖÅÒÁÌÌ ÄÅÓÉÇÎ ÄÏÅÓ ÎÏÔ ÁÄÈÅÒÅ ÔÏ ÔÈÅ ȰÆÁÉÌ-ÓÁÆÅȱ ÐÒÉÎÃÉÐÌÅ 

Modern, safe atomizers for high-pressure 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 

be immediate, unpredictable, and hazardous. 
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Summary  

4ÈÅ ÁÔÏÍÉÚÅÒȭÓ ÄÅÓÉÇÎ ÒÅÐÒÅÓÅÎÔÓ Á ÐÏÔÅÎÔÉÁÌÌÙ ÕÎÓÁÆÅ ÓÏÌÕÔÉÏÎȟ ÐÒÉÍÁÒÉÌÙ ÄÕÅ ÔÏ ÔÈÅ ÌÁÒÇÅ ÎÕÍÂÅÒ 

of small, moving, and threaded components subjected to extreme pressures. From a safety 

perspective, a fully static construction without moving elementsɂminimizing joints and 

threadsɂoffers significantly greater resistance to overpressure and effectively eliminates the 

ÌÉËÅÌÉÈÏÏÄ ÏÆ ÍÅÃÈÁÎÉÃÁÌ ÆÁÉÌÕÒÅȢ 3ÅÅ 4/0/,΅Ȣ 

 

To support this analysis, we note that the examined atomizer reached a failure overpressure of 

ÏÎÌÙ υτȢψ ÂÁÒȟ ×ÈÅÒÅÁÓ 4/0/,΅ ÒÅÁÃÈÅÄ ρςσȢφ ÂÁÒ ɉÔÅÓÔÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ %. )3/ ρτπςɊȢ 

 

 

 

 

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 axis expresses 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 attention 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 loadɂparticularly components 7, 9, and 10. These parts are small, 

have thin walls, and are subjected to the highest pressure gradient. Even 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 high-pressure load, threads 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 integrityɂe.g., an O-ring through degradation 

or displacementɂthis can result in aerosol leakage or destabilization 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 pressure-related 

risk. These risk points accumulate and increase the probability of mechanical failure, 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 markedly safer. 

 

4ÈÅ ÍÏÄÅÒÎ 4/0/,΅ ÁÔÏÍÉÚÁÔÉÏÎ ÄÅÖÉÃÅ ÃÏÎÔÁÉÎÓ ÎÏÔ Á ÓÉÎÇÌÅ ÍÏÖÉÎÇ ÃÏÍÐÏÎÅÎÔ ÏÒ ÔÈÒÅÁÄÅÄ 

joint, and its failure overpressure has been demonstrated to reach 123.6 bar. 
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Incident in clinical Practice 

Below is a vigilance-based description of an incident involving a competing device with moving 

parts, based on the document !6)3 $% 3O#52)4O dated 16 November 2023. 

 

The safety alert concerns an incident in which the high-pressure section of a competing nebulizer 

failed. According to the document, the deviceɂintended exclusively for research purposes and 

withdrawn from clinical useɂwas mistakenly used during an experiment. 

 

As stated on the first page of the document, at an application pressure of 18 bar approximately 

10 ml of solution leaked from the high-pressure line, indicating a loss of integrity of the system 

under routine PIPAC operating conditions. Although the solution used was non-toxic and nobody 

was injured, the mere fact that the failure occurred at a sub-threshold 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 pressure-mechanical 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. 

 

&ÏÌÌÏ×ÉÎÇ ÔÈÅ ÉÎÃÉÄÅÎÔȟ ÁÄÄÉÔÉÏÎÁÌ ÔÅÓÔÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ÏÎ ÏÔÈÅÒ ÕÎÉÔÓȟ ÎÁÍÅÌÙ ȰЄ σπ ÂÁÒȟȱ ÔÏ 

determine whether the event was isolated or indicative of a systemic flaw. The fact that the device 

failed already at 18 barɂbelow the validated limitɂsuggests either an insufficient safety margin 

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

 

This is particularly serious given that, in PIPAC/PITAC procedures, high-pressure components 

must be many 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 is mitigated 

only by robust safety measures. A similar leak in a real clinical scenario would constitute severe 

environmental contamination. 

 

! ÃÒÉÔÉÃÁÌÌÙ ÉÍÐÏÒÔÁÎÔ ÉÓÓÕÅ ÉÓ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÒÅÃÏÍÍÅÎÄÁÔÉÏÎȟ ÄÅÓÃÒÉÂÅÄ ÁÓ Á ȰÔÅÍÐÏÒÁÒÙȱ 

clinical measure, to place a sterile protective sleeve over the entire high-pressure hose (page 2). 

In practice, this means that the high-pressure 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 connector, and place the entire 

connection inside the protective enclosure is an improvised emergency workaround rather than 

a technical correction. 

 

From an engineering-safety 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 of risk. 

4ÅÓÔÉÎÇ ÏÆ ÁÃÃÅÓÓÏÒÉÅÓ ÍÕÓÔ ÔÈÅÒÅÆÏÒÅ ÎÏÔ ÂÅ ÃÏÎÆÌÁÔÅÄ ×ÉÔÈ ÔÅÓÔÉÎÇ ÏÆ ÔÈÅ ÄÅÖÉÃÅȭÓ ÃÒÉÔÉÃÁÌ 

pressure-bearing component. 

 

From the SKALA-model 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. 

4/0/,΅ɊȢ (ÅÒÅȟ ÆÁÉÌÕÒÅ ÏÃÃÕÒÒÅÄ ÅÖÅÎ ÂÅÆÏÒÅ ÔÈÅ ÖÁÌÉÄÁÔÅÄ ÌÉÍÉÔȟ ×ÈÉÃÈ ÉÓ ÕÎÁÃÃÅÐÔÁÂÌÅȢ 

2. Probable unit -to-unit variability  

4ÈÅ ÎÅÅÄ ÆÏÒ ȰÁÄÄÉÔÉÏÎÁÌ ÔÅÓÔÓ Є σπ ÂÁÒȱ ÓÉÇÎÁÌÓ ÕÎÃÅÒÔÁÉÎÔÙ ÁÂÏÕÔ ÍÁÎÕÆÁÃÔÕÒÉÎÇ 

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 pressure-bearing 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 high-risk aerosolization environment. Failure at 18 bar clearly 

indicates that the structural pressure reserve is grossly inadequate, and reliance on external 

shielding is only a temporary substituteɂnot a genuine protective solution. 

 

From the Perspective of Atomizer Geometry Shapes 

When evaluating the safety and functionality of an atomizer, its design cannot be separated from 

the environment in which it is usedɂnamely 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 atomizer 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 bodyɂsuch as threaded rings, inter-part 

edges, joints, sharp contours, protrusions of moving mechanical components, or sites where the 
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diameter changes abruptlyɂcreates 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 partsɂalready exposed to extreme pressuresɂmay 

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 contacts the trocar wall. 

A smooth, continuous, perfectly circular surface (4/0/,Ή) allows pressure to be distributed 

evenly and ensures easy manipulation of the device without unwanted movement or torsionɂ

especially during insertion and withdrawal from the trocar. 

 

In contrast, angular, segmented, or multi-element designs generate micro-movements and zones 

where the atomizer may tilt or bind, leading to non-uniform 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 and cleaning are significantly 

easier, more reliable, and safer. From a clinical standpoint, complex geometry is not merely 

unnecessaryɂit is 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 high-pressure aerosolization methods, where any mechanical defect 

may lead to pressure-related failure, mechanical simplicity becomes one of the key determinants 

of true safety. 
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Incident in Clinical Practice 

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 operative 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 during 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 channelɂparticularly in relation to its 

geometry. 

 

If free, smooth, resistance-free motion of the nozzle inside the port is not ensured, the instrument 

may snag, become misaligned, develop undesirable tension, or experience increased friction. In a 

high-pressure aerosolization environment, even minor mechanical 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 deviations 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 pressure. 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 atomized under high pressure, 

an aerosol spectrum is generated that includesɂinherently and unavoidablyɂvery 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 chapter Capnoperitoneum. 

 

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 system contains microscopic leaksɂ

such as slightly imperfect trocar seals, valves, or transitions between instruments and portsɂ

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. 

 

4ÕÒÂÕÌÅÎÃÅ ÁÒÉÓÅÓ ÆÒÏÍ #/Ϝ ÆÌÏ× ÉÔÓÅÌÆ ÁÎÄ ÆÒÏÍ ÎÁÔÕÒÁÌ ÉÎÔÒÁÌÕÍÉÎÁÌ ÏÂÓÔÁÃÌÅÓ ÓÕÃÈ ÁÓ ÏÒÇÁÎÓȟ 

tissue folds, or pressure fluctuations during applicationɂand 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, remain suspended for longer, and 

their probability of reaching the trocar opening or the venting system increases in a 

mathematically and physically predictable manner. 
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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 enhance 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 inspiration, expansion of the thoracic cage and 

the lung itself leads to a decrease in intrathoracic pressure, creating a subtle negative-pressure 

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 leakage sites. 

 

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 

ÁÃÃÏÍÐÁÎÙÉÎÇ #/ϜɊȟ ÁÎÄ ÉÆ ÅÖÅÎ Á ÍÉÃÒÏÓÃÏÐÉÃ ÌÅÁË ÉÓ ÐÒÅÓÅÎÔ ÁÔ ÔÈÅ ÔÒÏÃÁÒȟ ÖÁÌÖÅȟ ÏÒ ÉÎÓÔÒÕÍÅÎÔ 

connection at that moment, a brief, invisible micro-expulsive aerosol escape may 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 directs it to×ÁÒÄ ÔÈÅ ÎÅÁÒÅÓÔ ȰÅÓÃÁÐÅ 

ÐÁÔÈ×ÁÙȟȱ ÆÕÒÔÈÅÒ ÁÍÐÌÉÆÙÉÎÇ ÔÈÅ ÌÅÁËÁÇÅ ÒÉÓË ×ÉÔÈ ÅÖÅÒÙ ÅØÐÉÒÁÔÏÒÙ ÃÙÃÌÅȢ 



 122 

 

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 reacting to 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 and 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 single-factor 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. 

 

 






















































































































































































