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ABSTRACT

Pressurized IntraPeritoneal Aerosol ChemotherapyAR) is an innovative drug
delivery system applying chemotherapy as a premsuirtherapeutic aerosol into the
abdominal cavity. PIPAC has superior pharmacoldgpmraperties and first clinical
results concerning efficacy and safety are promisinHowever, applying
chemotherapeutic substances as a toxic aerosahali@nge for occupational health and
safety management. A risk assessment of PIPAC wearformed to meet legal
requirements. It was not possible to replace cheemapeutic drugs with other
substances since platin-based drugs and/or anthireey are the drugs of choice in many
peritoneal cancers. However the dose of toxic sulosts could be reduced by 90%.
Exposure of health workers to the chemotherapelitigs can be cutaneous (liquids) or
respiratory (aerosol). Wearing chemotherapy glopestective clothing and glasses was
effective for preventing cutaneous or ocular expessince the drugs applied are not
absorbed through the skin. A three-level confinetsgatem was designed to prevent any
inhalative exposure of health workers. The firselds the closed abdomen itself, which
tightness is controlled before chemotherapy aptidinaThe second level is the volume
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of the operating room together with air exchangeubh high-flow ventilation. The third
confinement is the physical operating room, sinte PIPAC procedure is remote-
controlled and the team leaves the room duringiegiin. At the end of the procedure,
the toxic aerosol is exhausted through a Closed#@rWaste System (CAWS) over a
special line into the external environment, usihg same system used for eliminating
narcosis gases. Repeated environmental measurententwo different hospitals
according to NIOSH protocols at the potential wogkplaces of the surgeon and of the
anesthesiologist detected no traces of platinenaih Biological monitoring in the blood
of 5 surgeons after 500 procedures showed no traeplatin or doxorubicin.
Mathematic modelling of the worst case scenarian(@diate release of the toxic aerosol
into the working environment) showed a potentiabpisatory uptake lower than
1/100'000 of a usual systemic chemotherapy doseer ®50 procedures, to minor
incidents related to disconnection in the tubingtesm were reported in the Critical
Incident Reporting System (CIRS). No severe indidem particular no leakage of the
toxic aerosol, was recorded. No pressure- or tdoggdinked patient complication was
noted. Work place measurements remained below dlegatce margin. The safety
measures and conditions as defined above areisuffi®|PAC can be used safely in the
clinical setting if the conditions specified aboae met. For the drugs tested, PIPAC is
in compliance with European Community working sgletv and regulations.

INTRODUCTION

Local drug administration has been used as a that@pmodality for many years and for
a broad spectrum of indications. Drugs can be deiy locally as powder (e.g. talcum into
the pleural space), as a liquid (e.g. intraperiabwbemotherapy) or as an aerosol (e.g. nasal
spray). Among these possibilities, delivering dragsan aerosol has significant benefits,
including ease of use, patient comfort, dose reoicgreater selectivity, and the potential to
decrease side effects [1].

As a consequence, aerosol formulations have fouide w&pplication, in particular in
pulmonary medicine for treating asthma, chronictrizsive lung disease, allergies, etc. A
further indication for aerosols in pulmonary medéiis lung cancer [2]. Several
chemotherapeutic agents have been tested in thation in vitro or in vivo (reviewed in 3).

Recent phase | studies have demonstrated the ifépsihd safety of aerosol delivery of
doxorubicin [4] and gemcitabine [5] in lung cangatients. In the abdomen, the use of
intraperitoneal drug delivery in the treatment aflignant disease confined to the peritoneal
cavity is based on the potential for increased swp® of the tumor to antineoplastic agents
leading to improved cytotoxicity.

In patients with tumors confined to the peritonealvity, there is established
pharmacokinetic and tumor biology-related evidetha intraperitoneal drug administration
is advantageous. Clearly, intraperitoneal drugveeyi is an important adjunct to surgery and
systemic chemotherapy in selected patients [6]. él@n there are practical and theoretical
concerns about intraperitoneal chemotherapy wdthidis including [7]:

1. Adequacy of drug distribution throughout the enfiegitoneal cavity
2. Limited direct penetration of drugs into tumor @rmal tissue
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4. Unique toxic effects associated with local deliveisg, abdominal pain, bowel
perforation, infection, and obstruction

5. Added time, inconvenience, and cost associated thighspecific requirements of
regional delivery—eg, catheter placement

These concerns explain why, despite the positifecebf intraperitoneal chemotherapy
on progression-free and overall survival in selégatients with small volume peritoneal
carcinomatosis, this management strategy is natdbycaccepted and finds only limited use
in clinical practice.

PRESSURIZED INTRAPERITONEAL AEROSOL
CHEMOTHERAPY (PIPAC)

A new way of intraperitoneal chemotherapy is thpliaption of cytotoxics in form of a
pressurized aerosol into the abdominal cavity. WM élescribed the principle of Pressurized
IntraPeritoneal Aeorosol Chemotherapy (PIPAC) 1&ryeago [8]. PIPAC relies on logical
physical principles: local administration into thedy cavity to improve therapeutic ratio,
gaseous form to achieve homogeneous drug diswipupressure application to enhance
convective drug uptake into tumor nodes, and milljmiavasive approach to minimize
operative trauma. PIPAC allows repeated therapyesyand objective tumor response
assessment (reviewed in 9). PIPAC has superiompiogical properties and first clinical
results concerning efficacy and safety are prorgilf].

PIPAC technology (Figure 1) uses a laparoscopiessceia ports through the abdominal
wall. In a first step, a normothermic (37 °C) capeiitoneum (C@) is established with a
pressure of 12 mmHg. Using a specific high-pressjeetor and a micropump, a cytotoxic
solution is aerosolized into the abdominal cawdty] maintained for 30 min.

At the end of the procedure, the aerosol is remdhedugh a closed suction system.
Since its physical behaviour is similar to an idga$, an aerosol applied in the peritoneal
cavity allows a homogeneous distribution of thenchtherapeutic agent within the closed
abdominal space [11]. Furthermore, an artificigigsure gradient is generated that overcomes
tumoral interstitial fluid pressure and resultshigher tissue drug penetration compared to
conventional intraperitoneal or intravenous chem@thy [12-14]. At the same time the
plasma concentration of the chemotherapeutic agenains low [15]. However, delivering
chemotherapy as an aerosol is a challenge for atiomal health and safety management
because it carries a potential risk of accidentpbsure of health care workers as compared
with other administration routes. This is due te thfficulty to control the spread of aerosols
which in turn contributes to the risk of unwantegaesition. This problem is not new and
technical solutions have already been proposedekample, in pulmonary medicine, a tent
system combined with HEPA filters has been propdsededuce this risk to a minimum
during aerosol chemotherapy.

This system was shown to be effective at containary nebulized liposomal
encapsulated cisplatin during patient treatmen. [AGimilar challenge is raised by PIPAC.
To prevent any harm to health care workers, we hdeatified and evaluated potential
hazards concerning occupational exposures duriRg@lperformance.
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Figure 1. Technique of Pressurized IntraPeritoAeabsol Chemotherapy (PIPAC).

A capnoperitoneum of 12 mmHg is established asluiuing laparoscopy. A chemotherapy aerosol is
generated at the tip of a mechanical micropumpéhiced through a balloon trocar, and maintained for
30 min at 37°C. Then, the toxic aerosol is exstéfleover a secure system (CAWS: Closed Aerosol
Waste System) into the outside environment.

In a second set of experiments, we have simulated® in the laboratory and in the
operating room. Then, we have applied PIPAC inhihiman patient using chemotherapeutic
drugs and measured contamination levels undeclieaal conditions.

Later on, we have sampled body fluids, looking tbe presence of traces of
chemotherapy in healthcare workers. Finally, weehaimulated accidental exposure by
developing mathematical models in the worst caseaio.

METHODS

Ethical, Legal and Regulatory Background

The study protocol was submitted to the InstitaioReview Board (IRB, Common
Ethics Committee of the Westfalian Wilhelms-UnivgrsMinster and of the Westfalian
Medical Chamber).

The IRB recommended performing the first PIPAC dpgrwith volunteers, which were
extensively informed and trained in the PIPAC pthoe. PIPAC application was performed
within the framework of regulatory studies (PIPAGXD PIPAC-GAL; PIPC-OV2) and as
off-label use according to German Drug Act (AMG).
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M ethodology

The following steps were defined: identification lodzardous substances and dose;
identification of possible exposure ways; simulataf the PIPAC procedure with non-toxic
aerosols and smoke; redaction of Standard Oper&ingedures (SOP);"2 simulation
according to the SOP; informing and training of kealth care workers; performance of the
first two PIPAC procedures with chemotherapeutiossances and workplace measurements
under real conditions.

These steps were determined together with an ettecompany specialized in
occupational health safety in the chemical indu@#KRA Industrials, Stuttgart, Germany).
After successful workup in the first institutionv@gelic Hospital Bielefeld, Germany), we
repeated the measurements in a second hospitalefMBospital Herne, Ruhr-University
Bochum, Germany) under supervision of a secondpiacigent company (Drager Safety,
Libeck, Germany).

After 500 PIPAC procedures, blood samples werentakem the 5 surgeons and
gynaecologists having performed these proceduresddnts were recorded prospectively
with a Critical Incident Reporting System (CIRS).

Finally, mathematical simulation allowed to deteventheoretical contamination levels in
the worst case scenario (complete release of #iederosol into the working environment).

Aerosolizer

The micropump (MIP®, Reger Medizintechnik, Rottw&lermany) has been described
elsewhere [17]. In brief, it consists of severahponents, including a shaft and a nozzle. The
nozzle has a diameter of 0.2 mm. A pressure ofoupOt bar is delivered through a high-
pressure line upstream of the micropump, usingnauistry-standard injector for vascular
surgery (Mark 7 Arterion, Bayer Healthcare, Berl®germany), including a remote control
device.

Operating Room Characteristics

PIPAC procedure was performed within an operatoan (OR) equipped with laminar
air flow. Volume of the OR was approximately 168. sir flow was 1.8 x 16 L/h. Room
temperature was 22.3-22.6 °C. Relative humidity 8&87%. Atmospheric pressure was 994
hPa. Vacuum was generated with a negative pressuré.85 bar (Dréager, Libeck,
Germany).

Chemotherapy

We have focused on the application of two chemaiteutic agentscisplatin and
doxorubicin. Chemotherapy was applied as followingbulization over 3-6 minutes of 7,5
mg cisplatin/mi body surface followed immediately by the aerossion of 1,5 mg
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doxorubicin/n? body surface into the abdominal cavity filled Wili©, at a pressure of 16 to
20 mbar (12 to 15 mmHg) at a temperature of 379@vied by 30 min steady-state before
exsufflation.

Experimental Protocol

PIPAC procedures were performed in peritoneal agpatents. Between the procedures,
the room was cleaned according to the hospitabisdsird hygiene and surface cleaning
protocols.

Each procedure was structured into 4 consecutigsgzsh

¢ Phase 1. CO; insufflation over an industry-standard trocar (liccess System,
Applied Medical, Darmstadt, Germany), with a targeessure of 16 mbar (12
mmHg). The access system was secured with an abtteminal balloon and an
extra-abdominal obturator, ensuring tightness efdbdomen and steadiness of the
pressure. Two 5- mm working trocars are inserted.

e Phase 2: Introduction of a micropump (MIP®, Reger Mediznhnik, Rottweil,
Germany) through the access trocar and aerosolafem of the chemotherapy
solution into the abdominal cavity using the highgsure injector.

¢ Phase 3: The system was kept in steady-state for 30 minatea constant pressure
and temperature. The abdomen is hermetically seafed the total gas flow is
minimal.

¢ Phase 4: At the end of the procedure, the gas from the aisfiowas released
directly into the hospital's air waste system owmre of the trocars and an
aerosol/smoke filter (pores 0.02, model 03110-10, MTP, Neuhausen ob Eck,
Germany).

MATHEMATICAL SIMULATIONS

Modelisation was performed with MatLab® softwareafliWorks, Natick, MA, USA).

Risk Assessment

Risk assessment was performed beforehand, befstdfPAC application in the human
patient. Following steps were taken:

I dentification of Hazardous Substances and Dose

For PIPAC, drug choice was derived from the protomothe German Society for
General and Visceral Surgery (DGAV) for CytoReduetBurgery (CRS) and Hyperthermic
IntraPeritoneal Chemotherapy (HIPEC) [18].
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Cisplatin

Cisplatin is highly poisonous. It can provoke andattic reactions; irritates eyes and
skin, has no transdermal absorption. Cisplatinates airways, has a cumulative toxic effect
on kidney, bone marrow and the inner ear. It idphly carcinogenic to humans. Cisplatin
toxicological characteristics are summarized inl&@db

Table 1. Toxicological characteristics of cisplatin
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Table 2. Toxicological characteristics of doxorubicin

Paramete Value
CAS-/EG Numbe 23214-92-8 | 245-495-6
25316-40-9 / 246-818-3 (Hydrochloride)
Formule =
i,
[

Molecular weigh 543.52 g/mc

Melting poin 205°C(Degradation); crystallinered powder at ro
temperature

Boiling point Not applicabl

Steam pressu Not applicabl

Water solubility

0.0928 g/L [25°C’

Paramete Value
CAS-/EG Numbe 1566%-27-1 / 23¢-732-8
Formule H.N cl
\_/
P
/7 \
H,N Cl
Molecular weigh 300.06 g/mc
Melting poini 270°C; dark yellow powder at room tempera
Boiling poini Not applicabl
Steam pressu Not applicable

LD50 ora

570 mg/kg (mous:

Water solubilit

2.530 gIL [25°C

NOAEL1

No datz

LD50 ora 20 mg/kg (rai
32 mg/kg (mouse)
NOAEL’ No dat

Important toxicological detal

Acute toxicity: very toxis

Skin and eye irritation

No evidence for transdermal absorption

Cumulative damage of kidney, bone marrow and ieaer
No evidence for carcinogenity in human

Evidence for carcinogenity and teratogenity in neoasd rat
Level of carcinogenity: 2A

Anaphylactic reactions reported

Important toxicological detai

Acute toxicity: harmft

Dilatative cardiomyopathy
Inflammation of mucosa

Leucopenia

Evidence for carcinogenicity in animals
Evidence for mutagenicity in animals
Level of carcinogenicity 2A

Total amount of applied doxorubici

3 mg in 150 ml NaCL 0.9 % soluti

Concentration capplied solutio

0.02 mg/ml=0.02 g/L=0.002

Total applied amount of doxurubici

150 m

Legal upper limit for working plac

Germany no upper legal lin

Sensibilisation of skin and airways
Total amount of applieccisplatir 15 mg in 150 ml NaCl 0.9
Concentration of applied soluti 0.1 mg/ml=0.1 g/L=0.01"

Total applied amount of cispla 150 m

Workplace exposure limi Germany: not availab
Netherlands: 0.00005 mgim

Doxorubicin

Doxorubicin is hazardous to human health by prawgkimucosal inflammation,
leucopenia as well as dilative cardiomyopathy. Aiddally, it induces DNA mutation and is
carcinogenic to humans. Doxorubicin toxicologidahacteristics are summarized in Table 2.

The total dose applied during PIPAC (s. abovepmaximately 10% of a usual systemic
chemotherapy dose. There is no legal exposure fonieither of these two substances in
Germany. However, in the Netherlands, the maximelliywed air concentration for cisplatin
is <0.00005 mg/th

I dentification of Possible Exposure Ways

Identified exposure ways are ocular, dermal andlatlve exposition. Other possibilities
were reasonably excluded. The preparation of trenditherapeutic agents in the hospital
pharmacy and their transport in adequate contaiteerhe operating room is organized
according to the German guidelines [19]. The haspiharmacy is certified. Both agents are
provided in a closed delivery system (special iigec syringes filled with NaCl 0.9%
solution) in a double envelope, together with patidentification tags and labels defining
agent and dose. The syringes are hermeticallydeate special caps.

SIMULATIONS

First PIPAC Simulation with Physiological Solution Aerosols

Before performing the first clinical PIPAC applicat, the procedure was simulated in
the operating room using a laparoscopy traininghpdma and non-toxic NaCl 0.9% aerosol.
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Working steps were identified and a first operafimgtocol written. Based on this protocol,
risk analysis was performed within an interdisciply team including physicians (surgeons
and anaesthesiologists), scrub nurses, hospitahitdans, the engineers having developed
the PIPAC technology and occupational health esperbrder to list a maximal number of
safety issues, from a 360° perspective. A chroncbgprotocol of the procedure was
designed. Possible failures were defined at eaep sf the procedure, related to the
personnel, the patient, the high-pressure inje¢har,infusion line, the CQinsufflator, the
access trocars, the micropump itself, the laminarflaw system, the tightness of the
abdomen and the exhaustion of the aerosol. Forisaoh identified, the expected frequency
and severity were determined. Then, appropriatetgafieasures were defined step by step.
On this basis, a standard operating protocol weabkshed that served as the basis for the
second simulation.

Second PIPAC Simulation with Smoke and an Artificial L eak

The second simulation was performed in the opegatilom under strict implementation
of the standard operating procedures. The abdomesn simulated with a sealed plastic
container of similar dimensions. An aerosol of £fd smoke with the same pressure as
during laparoscopy (12 mmHg) was installed and stgustandard technical instruments
(access trocars, video camera, grasping forceps tested. We decided to choose double-
balloon access trocars (Kii access port, Appliediii, Diisseldorf, Germany) to guarantee
complete tightness of the abdomen. We excludegdi@Dfflators equipped with a recapture
function in case of overpressure, in order to pneeay release of chemotherapy-loaded,CO

We were able to perform the complete procedureawitlany incident; in particular, the
system remained tight. Then, a maximal leakage siraslated (an access trocar was fully
opened). The smoke escaping from the leak wasrilpwiownward to the floor and into the
lateral outflow windows of at floor level of the efating room (Figure 2).

Figure 2. PIPAC simulation with smoke and artifidéeakage: sealing access trocars (a) were
introduced into a sealed plastic box (b) with thme volume dimensions as the human abdominal
cavity. The box was pressurized with £&hd steam. Via an artificial leakage (open actressr), the
steam (white bold arrows) was observed to be dickttt the floor and not randomly distributed within
the operating room. This is caused by the lamiidtaaving downwards from the ceiling to the floor.
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DESIGN OF A SAFETY CONCEPT

Based on the experience from both simulations, togkther with the consulting
engineers, we then designed a comprehensive safetept taking into account all possible
incidents and their prevention.

Safety Concept for Cutaneous Exposition

Cutaneous absorption of anthracyclines (such asordbicine) and platin-based
chemotherapeutics has not been documented. Howewal skin contact with chemotherapy
solutions might lead to cutaneous irritation orreebemical burns.

Since PIPAC is applied within a closed system, fisk of skin contamination with
chemotherapy is minimal. Under normal working ctinds, a skin contact with
chemotherapy is excluded. For such a contact tarpechuman or material failure has to be
assumed, e.g. due to a manipulation error with high pressure injector, or use of
inadequate, low-pressure infusion tubing leadingexplosion of the system, wrong line
connections, etc.).

During PIPAC preparation, application and termiofi the potential risk of skin
contamination with chemotherapy solutions can beqadtely met by wearing protective,
water-proof surgical clothing and special chemathgmloves.

The risk of ocular lesions (keratitis, inflammatioh the anterior eye chamber, scar
formation, etc.) is satisfyingly met by wearing f@cting glasses or transparent masks
covering the entire face. This risk can be furthedtuced by providing sterile one-block
systems (nebulizer and infusion tubing sealed tmgewvith secured, doubled connections),
and by training and drilling the team in order tmimize human errors.

The floor of the operating room under the high-pues injector and the connecting line
is covered by a waterproof protection sheet. Comialkesets are available in order to remove
chemotherapy solution in case of spillage, andamedable in the OR.

The operating room has to be cleaned after eacA®ftocedure — as a standardized
procedure by trained personnel. Tissues, tubess land other devices such as operation
drapes and sponges have to be disposed into speeadéd chemotherapy waste containers
with adequate labelling.

Safety Concept for Respiratory Exposition

A safety concept consisting of three consecutivelteof confinement was designed in
order to prevent any accidental respiratory expsidf the personnel to the chemotherapy
aerosol. These 3 levels of confinement are (Figyre

¢ The closed abdomen
« The operating room and the ventilation system
* Remote-controlling of the procedure.
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Figure 3. A safety concept consisting of three eongve levels of confinement was designed in order
to prevent any accidental respiratory expositiothefpersonnel to the chemotherapy aerosol. These 3
levels of confinement are: The closed abdomen,opfeeating room and the ventilation system and
Remote-controlling of the procedure. At the enthef PIPAC procedure, a single person enters the
operating room and opens the gas evacuation sy§&tkrsed Aerosol Waste System, CAWS) designed
to discard the toxic aerosol without risk of expiosi.

The tightness of the abdomen can be easily coettdily a zero-flux from the GO
insufflator. However, C@is absorbed by the organism so that a flow ra@. bfL/min (max
0.2 L/min) is acceptable.

The second confinement level is more complex amtists of the operating room and
the ventilation system together. A usual operatomm has a volume between 120 and 150
m® so that a leakage of few litres €@ould be significantly diluted (by a factor of atio
50’000). Modern operating rooms are equipped wighiilow ventilation systems ensuring
rapid air exchange. The pre-treated air can beedpolvarmed and/or humidified according to
the need. Then, it is filtered through one or salveeries of filters placed in the ventilation
tubing (in the rule so-called F-filters) and/ottive ceiling of the operating room (so-called H-
filters). In some cases, a ventilator ensures diragous air flow from the operating room
ceiling in cases of pressure loss in the ventifeggstem. The air enters the operating room
through a micro-perforated ceiling (ventilation) through advanced systems generating a
laminar air low (without turbulences). Aspiratiofthe air is provided through caption exits
at the floor level, with anti-reflux valves gendyatquipped with pressure-regulating feed-
back systems.

The principle of a typical ventilation system isdgbed in Figure 4.

The detailed description of the various filters awdresponding ISO norm 14644 goes
beyond the scope of this work but is available he specialized literature [20]. Some
ventilation systems can be programmed to functigh megative pressure aspiration, which
is advantageous for performing PIPAC because angoaitamination of independent rooms
can be completely excluded. The third level of amerhent consists of the walls of the
operating room, since the procedure is remote-obetr and the personnel is leaving the
operating room just before application of the chévampeutic aerosol.
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FPLENUM 1400 PA

Figure 4. Example of a typical air-filtering systémthe operating room. The air enters the system
through a motorized valve system (1), is propulsged ventilator (2) through the first series ofefit
(e.g. F9 filters). Then, the air goes through aaripéd disinfection valve system and a second sefie
filters (e.g. H12 filters) before entering the agiérg room (8) through a perforated ceiling (6)eHir
is aspirated through the exit openings (7) at ther fievel and discarded through an anti-refluxveal
system (9).

In case of emergency, it is possible for a surgmofor an anaesthesiologist to enter the
operating room for delivering drugs, etc. Howetee, presence time in the area at risk should
be kept as short as possible. At the end of thé\®@Iprocedure, a single person enters the
operating room and opens the gas evacuation sy§tkrsed Aerosol Waste System, CAWS)
designed exclusively to discard the toxic aerosithaut risk of exposition (this is not the
usual suction system used by surgeons in the dapgraiom).

The CAWS consists of a closed line connecting hieevof a single access trocar with
the wall suction plug routinely used by the anaesitilogists to evacuate narcosis gases. Two
micro-patrticle filters are placed in series to Hert limit the risk of contamination of the
working environment with chemotherapy micro dropldburing the PIPAC procedure, the
CAWS is closed by two valves in order to excludey gmemature exsufflation of the
abdomen.

INFORMATION AND TRAINING

On the basis of the successful simulations, it deasded to schedule two patients for the
first PIPAC procedures. Information meetings allegviopen, interactive discussion were
organized since the planned procedures had ramsedanal concerns, in particular among
scrubbing nurses and cleaning workers.

On the basis of these discussions, we decidedstoatethe first procedure to volunteers
within the framework of a special shift under esotin of other simultaneous surgical
procedures. Before the first procedure, the teanvadfinteers received interdisciplinary
training according to the standard operating procesi Access to the operating room where
PIPAC is applied was strictly restricted, the anee signalled with warning shields on each
access door. These shields were turned on theidacsthe end of the procedure.
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SAFETY ASSESSMENT

In occupational settings, environmental monitorigxposure to toxic aerosols seems to

be superior to biological monitoring. It offers thessibility of simultaneous determination of
components of mixtures, is simple to interpret, andhluates short-term exposure to
environmental irritants [21]. Thus, estimation ofpesure under real conditions was an
important step to provide a safe working environtaring PIPAC.

First Environmental Assessment

The two first PIPAC procedures worldwide were perfed on Nov. 5th, 2011 at the
Evangelic Hospital in Bielefeld, Germany. The opiegsetting is shown in Figure 5.

The standard operating protocols were strictly anpnted; in particular, nobody
remained within the operating room during the PIPAfcedure, which was remote-
controlled. The nebulizer functioned as expectatitha system remained air tight. At the end
of the procedure, the chemotherapy aerosol wasusiéd into the air waste system of the
hospital and released into the outside environment.

Figure 5. First PIPAC under real conditions: Accessars (a) with the nebulizer (b) in situ. The
chemotherapeutic agents were transported frormjhetor to the nebulizer via a high-pressure irfosi
line (c). CO2 was injected into the abdominal cavit a standard gas line (d) and the trocar (e);
(camera trocar). At the end of the procedure, Hesrmtherapeutic capnoperitoneum was exsufflated
via closed line (f) over two serial microparticliers into the air waste system of the hospitarkD
arrows indicate the flow direction of the gas ahdrootherapeutics, respectively.

* = trocar sealing rings.
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Figure 6. Operating room (OR) set up for first PGPAnd safety measurement. The OR is equipped
with laminar air-flow. The abdomen is tight. Th@gedure is remote-controlled. Environmental air
sampling was undertaken at the surgeon’s (a) aestlaesiologist’s (b) working positions. The pressur
injector (c), sealing trocars and nebulizer in ¢ifpand also the exsufflation line (e) are showm.
minimize any possible chemotherapeutic exposuteeofinesthesiology crew, a transparent curtain
dividing the laminar air flow was hanged verticad§ cm above the access trocars, between the
patient’s head (position of the physician) andahdomen (site of chemotherapy application).

The procedure was scheduled on a holiday and ner athrgical procedure was
performed at that time in any other room. The pdoce was performed under the supervision
of a safety officer and included workplace air meaements. Air was sampled during two
consecutive PIPAC procedures. The operating rodtingencluding safety measures and air
sampling devices at the putative positions of thegeon and of the anaesthesiologist are
shown in Figure 6.

The probe sampling system used was a Gravikon \W&®hce combined with a dust
detector (Strohlein, Kaarst, Germany). Air was extibd on a cellulose nitrate filter with a
diameter of 50 mm, with a flow of 22.5%hn. Toxicological research analysis of cisplatin
levels was performed according to a standard pobt¢IOSH 7300). The detection limit
was 0.3ug/sample. Sampling and analysis were performednigyneers of the Division for
Hazardous Substances at the Laboratory for Enviemtah and Product Analysis of DEKRA
Industrial GmbH in Stuttgart (Germany), an indepamdcertification organization. Results
are summarized in Table 3. Air analysis showedraces of cisplatin, neither at the position
of the surgeon nor at the position of the anaetlogsst [22].
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Table 3. Measurement of platinum concentration in the operating room

Measurement points 1 2

Probe N° 0511-01 0511-02

Date 05.11.2011 05.11.2011

Start [hh:mm] 12:15 12:15

End [hh:mm] 16:38 16:38

Duration [h] 2.4 2.4

Airpressure [hPa] 994 994

Temperature [°C] 22,5 22,5

Volume stream [fiih] 225 225

Partial gas volume [fh 54.2 54.0

Platinum in inhalable dust [mg/Pr.] 0.3 0.3

Limit of Determination (LoD) [mg/Pr.] 0.3 0.3

Relative LoD [mg/m] 0.000006 0.000006

Analysis [mg/Pr.] <0.3 <0.3

Concentration [mg/f < 0.000006 < 0.000006

Platinum calculated as cisplatin

Concentration [mg/fi < 0.000009 < 0.000009
Nota :

(a) To allow a precise analysis of the limit of e@tination (LoD), probe sampling was performed
during two operations but only when chemotherapedtiucs were applied. In the meantime,
sampling was paused. (b) Measurement locations:

! Anaesthesiologist’s position- patient head, 150atrove floor.

2 Surgeon’s position — patient abdomen, 150 cm afowe

Second Environmental Assessment

A second set of environmental measurements was @miomed when PIPAC
procedures were started in a second hospital (Marespital Herne, Ruhr University
Bochum, Germany). Evaluation was performed by Dragealytical, Lubeck, Germany in
order to exclude a potential release of hazardosstances into the air during PIPAC
therapy. Again, platinum concentration was used @acer for possible contamination of the
circulating air. For the second assessment, angthelbe sampling system was used,
consisting of a Gravikon PM 4.2 device combinedhwat dust detector (Strohlein, Kaarst,
Germany). Air was collected on a cellulose nitréiiter with a diameter of 50 mm, with a
flow of 4 m/h. The absolute detection limit for platinum wa8@D5 mg, corresponding to
0.00013 mg/m3 for 4m?3 air. Blinded analysis of tast and control samples was performed
by Kiwa Control GmbH, Rostock, Germany, by flamslegomic absorption spectrometry
(AAS), executed with inductive coupled plasma (IOES).

All probes remained negative, meaning that no sradeplatin could be detected in the
air. Thus, this second assessment confirmed thenebf air contamination during PIPAC
in a second institution with different technicalugein the operating room [23].
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BloLOGICAL M ONITORING

In Germany, biomonitoring is required by law in ttentext of occupational health as a
secondary prevention measure for the identificatbbrindividual load after exposure to
hazardous substances. For many hazardous maténielsding many chemotherapeutic
drugs, the individually recorded load is quantifeaby biomonitoring and thus assessable.
The aim of biomonitoring is to take appropriate meas (improvement of technical,
organizational and personal prevention) to redheeburden and the health hazard (reviewed
in 24).

In particular, biomonitoring should be taken intonsideration in activities (non-
exhaustive list):

« where direct skin contact with hazardous substaisgesssible,

« for which exposure to hazardous substances with hislogical half-life is present,
« when exposed to carcinogenic or mutagenic substance

« when exposed to mutagenic substances,

« where the hazardous substances are difficult tsurean the air,

« in case of accidental exposition to hazardous anbss.

Some of these conditions are clearly given for thealorkers administering PIPAC to
patients. Therefore, after 500 PIPAC proceduremdivas sampled from all 5 surgeons and
gynecologists performing PIPAC on a regular basisur institution. Samples were taken by
an independent physician. Serum concentrations @fordbicin and cisplatin were
determined by an independent laboratory. After iobtg consent of the physicians
examined, we could collect all individual resuli:samples remained negative, meaning that
no traces of cisplatin or doxorubicin could be degéd in the persons with the highest risk of
potential exposure to toxic aerosols (data on.fil#us, the probability that other health
workers have been exposed is extremely low, sirceome of these individuals applied
PIPAC in patients.

MATHEMATICAL M ODELIZATION, WORST CASE SCENARIO

A further step in PIPAC risk assessment is to etelihe worst case scenario, namely
the case of complete release of the toxic aerasolthe working environment, in order to be
able to determine the degree of exposition of tesvcn such an extreme case. For this
purpose, we performed mathematical simulations. d&sumptions made on the basis of
physiological, clinical and technical data avaitabre given in Table 4. In addition, it was
assumed that the aerosol behaves like an ideal mgaaning that it is homogeneously
distributed within the volume of the operating roafter release. Finally, it was assumed that
the volume of the abdomen remains constant bedaakege is compensated by the ,CO
insufflator.

For calculating what would happen in the case ohmete aerosol release, we first
determined both extreme boundary scenarios (limits)
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« all-at-once release of the aerosol (immediate, ¢etmpelease at the beginning of
PIPAC application)

« continuous release of the whole aerosol over tiste\( release until completion of
the procedure).

By definition, any leakage mode will lie betweeresh both limits so that the real
exposition can be assumed to lie between the boiesdzalculated for these scenarios.

IMMEDIATE RELEASE SCENARIO

The first scenario presupposes an all-at-once seleaf the whole toxic aerosol
immediately after application. Mathematically ths&senario can be described by an
exponential function. The following function desms the trend of the concentration of the
chemotherapeutics in the operating room dependirtg®time.

m
() = c(ty) * e~ with c(ty) = —2t

wherec; (t) = concentration over timé; = concentration at time O, the administered
dose of chemotherapeutid4;r the volume of the operating room, amthe air exchange rate
through the laminar flow.

SLOw RELEASE SCENARIO

The second scenario describes the slow, contintedease of the whole aerosol over a
period of 30 minutes. This scenario can also berde=d by a composition of exponential
functions.

m
(1) = c(t) * (1 — e™2) x et with c(t,) = %
OR

whereb is the rate of toxic agent leaving the abdomirsaity over time.

The curves for both scenarios are shown in Figuiifferences between both boundary
scenarios are obvious. The immediate release soeeatlts in a about 50 times higher peak
concentration of chemotherapeutic substances imithef the operating room than the slow
release scenario. Moreover, the timepoint of theimal potential exposition is different,
immediate in the first scenario and after about iButes in the second scenario. In both
scenarios, the concentration of toxic substancéseimir can be considered to be insignificant
after 12 to 15 minutes operating time.
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Figure 7. Concentration over time of cisplatin aoctorubicin in the air of the operating room (OR)
after total leakage during PIPAC. Upper panel: idiat release scenario. Black curve: cisplatingblu
curve: doxorubicin. Lower panel: slow release sdendlack curve: cisplatin; green curve:
doxorubicin. The y-axis scale differs between pagl 3 orders of magnitude.

Table 4. Assumptions made for mathematical modelization of the wor st case scenario
(complete release of the toxic aerosol into the working environment)

Parameter Value
Volume of the operating room 15Cm
Volume of the abdomen 3 liters
Body surface 2nf
Application time 30 minutes
Air exchange rate 50 n¥/min
Breathing volume 5 liters/min
Administered doses:
Cisplatin 15 mg
Doxorubicin 3mg
Inhaled Dose

In a second step, to determine the inhaled dosés ihecessary to multiply the
concentration with the minute breathing volume.

Then, an integer function supplies the dose inhalegt time. To get the integration
constant it is necessary to know the context.

For the first scenario (immediate complete reledsépwing function applies:
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t
dq(t) = f C1 (E) * I./breatlmd dt + const
0
1 i . _ i _ c(to)*Vbreathed
Obviously it must be: d,(t = 0)= 0 = const = —

. 1
= dl (t) = C(to) * Vbreathed * E * (1 - e—a*t)

where Vyreathed iS the volume breathed/minute. In analogy, theesateps are necessary to
calculate the inhaled dose for the second sce(slaw continuous release).

t
dy(8) = J‘ AGE Vbreathed di + const
0

1 . 1 1
d,(t = 0)= 0 = const = c(to) * Vyreathea * (; - At b)

. 1 1 1 1
< da(t) = c(to) * Voreathea * <_E * et 4 P e(a+b)t 4 (E - m))

By applying above functions, it is now possiblectdculate the theoretical inhaled dose
of chemotherapeutics assuming a continuous preseheecrew member over the whole
application time (30 minutes).

Inhaled dose over a period of 30 minutes
Chemotherapeutics Slow continuous
Immediate release
release
Cisplatin (15 mg) 1,49*1®mg 1,36*10° mg
Doxorubicin (3mg) 2,99 *16mg 2,72*10° mg

The chemotherapeutic dose applied during PIPA@jeddant of the body surface of the

patient so that the results obtained can be djreothpared to systemic chemotherapy doses.

Dose delivered*
Typical systemic dose Inhaled dose
Cisplatin 150 mg 1,49*1to 1,36*10° mg

Doxorubicin 30mg 2,99 *10%to 2,72*10° mg
*assuming 2 square meter body surface.

Chemotherapeutics

Thus, the maximal inhaled dose in the worst casea® after PIPAC application is
expected to lie in the order of magnitude betwed®@000 and 1:1'000'000 of a usual
systemic dose. Any leakage scenario is expectke between these extreme boundaries.

The maximal potential exposition of the crew in tase of release of the toxic aerosol is
minimal under the conditions described above. K tmbe noted that the numbers given
above are conservative since:

« the crew leaves the operating room during the eapdin
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« simulations with smoke showed that the laminal@irfdirects smokes to the floor
of the operating room so that a standing humanopessanding within the “clean
area” will be prevented to inhale any toxic subséan

« the immediate release scenario (worst case) iseadistic since the aerosol cannot
be released all-at-once, the flow resulting froleakage and not from an explosion.

Taking together, mathematical simulation of any silie leakage situations during
PIPAC is showing that significant inhalative expasuof the operating crew to
chemotherapeutic agents is extremely unlikely twioand can be in practice excluded, even
if the complete toxic aerosol is released from #belominal cavity into the operating
environment.

CRITICAL INCIDENT REPORTING SYSTEM (CIRYS)

Between Nov, 2011 and Jan, 2015, our surgical améerological teams at the Ruhr-
University Bochum have performed over 650 PIPACcpdures. All scrub nurses have
accepted to participate to the PIPAC proceduredtamdhitial resistance of some employees
has vanished. A two-person, specific safety chschkiias been implemented which is
systematically used before chemotherapy applicationording to the 4-eyes principle. This
checklist includes each important step of the ptooe, in particular checking the tightness of
the abdomen, the functionality of the laminar &wf and proper connection of the CAWS.
The checklist has largely contributed to the sadety to the acceptance of the procedure.

Two intraoperative incidents were reported and yareal, within the framework of our
CIRS (Critical Incident Reporting System). Bothidents were classified as minor because
they did not cause any exposure of the personmel, veere caused by an accidental
disconnection of the high-pressure line betweernrjeetor and the micropump.

Following measures were implemented:

* a protection sheet (analogous to a sterile sheetegimg the camera during
laparoscopy) has been added to the safety system.

« the manufacturer of the equipment was requiredrtwige the micropump sealed
together with a high-pressure tubing, in orderxolwe such disconnection in the
future.

No severe incident, in particular no significarakage of the chemotherapy aerosol has
been registered, and no harm was caused to angipant. No patient injury caused by
material and/or pressure was reported.

DiscussioN

Chemotherapy is an essential component of modemiltimmodal cancer therapy.
However, many drugs used to treat cancer are knmwbe mutagenic, teratogenic and
carcinogenic. Great caution has to be taken imtheipulation of these substances in order to
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prevent any contamination of the environment anganticular of the team involved. In
particular, special attention is traditionally giveo the prevention of any chemotherapeutic
aerosol. Therefore, it is all but a surprise thatalopment of PIPAC has first raised concerns
about the risk of occupational inhalation linkedhe generation of toxic aerosols. To assess
this problem, it was not possible to rely on erigtsafety standards, since PIPAC had not
been performed before. However, we could compate some extent — intraperitoneal
aerosol chemotherapy to aerosolized chemotheragynig cancer. In this latter setting,
aerosolized chemotherapy had been delivered inllavergilated room with an air filtering
system [19]. Alternatively, a mobile filter air eleing system combined with a collecting tent
has also been also effective in preventing propagadf aerosol during inhalation of
nebulized liposomal cisplatin [16]. Chemotherapyaentration in the air remained below
workplace exposure limits.

In fact, the problem of potential inhalative expiosi of the operation room personnel is
not specific to PIPAC at all. The operating rooranteis regularly exposed to toxic aerosols,
in particular to toxic vapors generated by electrgsry (reviewed in 25). The chemicals
present in the greatest quantity in electrocawtergke are hydrocarbons, nitriles, fatty acids
and phenols [26]. Of these chemicals, carbon maieodCO) might be the most concerning:
high levels of CO are produced during laparoscepimecystectomy [27]. CO production is
of particular concern in laparoscopic proceduresretsmoke is trapped and concentrated in
the peritoneal cavity. Electrocautery during lagaopic procedures has been shown to
increase intra-abdominal CO to ‘hazardous’ levelading to small yet significant elevations
of carboxyhaemoglobin (COHb) [28]. Levels of COtlire intra-abdominal cavity at the end
of a laparoscopic cholecystectomy have been foarzet100-1,900 parts per million (ppm)
above the 35 ppm for a one-hour exposure set byghé&nvironmental Protection Agency
(EPA) [29]. In addition, CO is readily absorbedrfrahe peritoneum into the bloodstream,
creating a route for systemic intoxication [30]

Other chemicals present in smaller quantities,vthith are still of significant concern,
include acrylonitrile, hydrogen cyanide, formalddayand benzene. Acrylonitrile is a
colourless, volatile liquid that is absorbed easiisough the skin and lungs and exerts its
toxicity by liberating cyanide [31]. The Occupat@nSafety and Health Administration
(OSHA) has set the upper limit of ambient exposorehis substance at 2ppm. Exposure
levels of OR personnel have been shown to be lpigjust under the established limit
[28]. Hydrogen cyanide is a toxic, colourless ghattis absorbed easily by the lungs,
gastrointestinal tract and skin. It combines wighrit iron in cytochrome oxidase, thereby
inhibiting cellular oxygen utilisation. In additiprit can act synergistically with CO in
impairing tissue oxygenation. The US Departmerttiealth and Human Services has set the
short-term exposure limit at 10ppm. Levels in timebeent environment of the OR in one
particular experiment were found to reach a meab.®ppm and up to 10ppm, just at the
allowed exposure limit [28]. Benzene has been psegdo be significantly responsible for
the mutagenicity of electrocautery smoke.

The US NIOSH acknowledges the dangers of surgicadke and recommends that
smoke evacuation systems should be used wherechigtentrations of smoke and aerosols
are generated. NIOSH has performed own investigatimd bases recommendations on the
finding of the mutagenicity of the airborne compdsiollected during its evaluation and the
acute health effects reported by OR personnel [32].
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During PIPAC, a chemotherapy aerosol representiogital 0% of a usual systemic dose
is installed within the closed abdomen and remdhealigh a closed suction system into the
external environment. Our studies show that thle efsinhalative exposition of operating
room personnel during PIPAC is reasonably low, esing traces of platin have been detected
in repeated environmental analysis. Even in thestvoase scenario, namely the complete
release of the toxic aerosol into the environmergthematical simulation shows a maximal
inhaled dose of 1:100'000 to 1.1’000'000 over aigebof time of 30 minutes. It has to be
noted, however, that the effective inhaled dosthénworst case scenario lies in reality much
lower than these numbers since:

* The repartition of the toxic aerosol is not homagmrs within the operating room,
due to the direction of the laminar air flow dowm the flow, so that a person
standing next to the leakage point would be exposégto a minimal fraction of the
dose, if any

« Nobody is remaining within the operating room dgrthe application period, since
the procedure is remote-controlled.

In summary, this report shows that the risk of pational exposure to chemotherapy
during PIPAC has been reduced to a minimum so tthatprocedure is complying with
German occupational safety regulations. In compansith other surgical procedures — both
open and laparoscopic surgery — where specific ®tipo of operating room personnel to
toxic aerosols has been documented — PIPAC appedrs particularly safe. Thus, PIPAC
can be applied on a regularly, daily basis in firéaal setting without exposing the personnel
to cumulative doses reaching the long-term expokunies. The safety conditions are given
for performing Phase 2 and Phase 3 clinical tiratsrder to define the possibilities and limits
of PIPAC in therapy of peritoneal carcinomatosiswdver, following the implementation of
all equipment, organizational aspects and procedasedescribed above, any other team
starting with PIPAC should perform a toxicologicabrk-place analysis. Environmental
analysis should be scheduled at the very beginaiirte routine application of PIPAC, and
repeated in regular time intervals, in combinatiotih biological monitoring.

Even though the data presented above are documeatitigh level of safety during
PIPAC, the potential risk of exposition of the memsel performing such procedures remains
and would become real if the measures defined abosenot implemented. As in other
medical settings such as radioprotection, hygiete,, strict application of the standard
operating procedures, repeated measurement of eneplevels and continuous education of
physicians and nurses is necessary with the inagase of this innovative and fascinating
therapeutic strategy, in order to avoid any hartinéopersonnel.
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