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After lung resection a modest degree of pulmonary air leakage (PAL) is a 
common phenomenon, which decreases within a few days. However, at least 
one in ten patients suffer from prolonged air leakage (pPAL), lasting more than 
five days after the operation. It is the most prevalent complication following 
lung resection, with a detrimental impact on post-operative recovery.(1, 2) PAL 
increases the occurrence of other post-operative complications, prolongs 
duration of chest tube drainage, and extends hospital stay.(3, 4) PAL additionally 
raises hospital costs (Figure 1).(5) Present treatment strategies encompass 
surgical techniques including reinforcement of staple lines, utilization of 
surgical sealants and optimized post-operative drainage protocols, but the 
incidence of PAL remains high.(6-8)

In the area of lung sealants, there is a distinct unmet clinical need for a better 
biomaterial.(5) Such a biomaterial should possess adequate adhesion to 
achieve an airtight seal, display elasticity to endure repetitive deformation, 
demonstrate proper biocompatibility and biodegradability characteristics, be 
user-friendly and produced at a relatively low cost.(2, 9)

This thesis comprises preclinical research into the pathophysiological 
mechanisms of pPAL and its treatment, by validating models of PAL and testing 
a novel adhesive patch for hermetically sealing injuries to the lung.

Figure 1: The associated problems of prolonged pulmonary air leakage. Drawing by Bob Hermans. 
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Pulmonary air leakage

Burden of pulmonary air leakage
Lung resections are routinely performed to treat lung cancer or, under some 
circumstances, infectious diseases and lung emphysema (lung volume 
reduction surgery). PAL is common after resection and is monitored over chest 
tubes postoperatively. These cannot be removed in the presence of PAL, risking 
the development of a potentially life-threatening (tension)pneumothorax. 
Depending on the surgical approach, technique used and the innate healing 
capabilities of the patient, PAL may stop spontaneously or persist for a longer 
duration. When PAL persists for longer than five days, the air leak is considered 
to be prolonged (pPAL).(6) Incidences have been reported between 5.6% and 
30%.(7) For the Netherlands the incidence varies between 2.6% and 19%.(8) It is 
estimated worldwide that more than 50.000 patients are at risk for developing 
pPAL on a yearly basis (assuming 2.26 million new cases of lung cancer, 25% 
undergo surgery and 10% develop pPAL).(8,10-13)

In pPAL, there is a fistula between (non-sterile) airways and pleural cavity, 
increasing post-operative infective complications (empyema: 8.2% vs 0% in 
one study) and doubling the risk of mortality.(4, 14, 15) Furthermore, pPAL leads 
to increased readmissions and reinterventions (e.g. additional chest tubes, 
bronchoscopy, re-operations or life support).(3, 16) Prolonged chest drainage 
in pPAL can increase postoperative pain and lengthen the duration of hospital 
stay (4-7.9 days longer).(5, 17, 18) As a result of these problems, there is an 
increased financial burden, and 90-day postoperative costs are estimated to 
be 40% higher.(5, 14, 17)

Chronic obstructive pulmonary disease (COPD) and pulmonary emphysema are 
considered important risk factors for pPAL.(7, 19, 20) As an illustration, in patients 
undergoing lung volume reduction surgery for pulmonary emphysema, 90% of 
patients developed pPAL, which lasted on average seven days.(22) Due to the 
mutual association of both lung cancer (as primary indication for lung resection) 
and COPD (as risk factor for pPAL) with air pollution and cigarette smoking, pPAL 
is prospected to remain a daily concern for the thoracic surgical practice.(21)

Pathophysiology of air leaks
PAL is classified as an alveolo-pleural fistula when the leak is distal to the 
segmental bronchus in the parenchyma, and a broncho-pleural fistula if 
it involves larger bronchi. (Figure 2 and 3A).(23) The driving forces of PAL 
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are analogous to respiration, so for large broncho-pleural fistulas, there is 
higher airflow due to lower resistance (normal pulmonary biomechanics 
described in frame on Page 13-14). Broncho-pleural fistulas are rare after 
lobectomy (incidence 0.5%), but require urgent interventions and carry a high 
mortality.(24) Alveolar PAL on the other hand is generally treated by careful 
monitoring and chest drainage.(6, 25) Because both require different surgical 
management, this thesis only focusses on alveolar PAL. The incidence of 
alveolar PAL is correlated with multiple factors.

Figure  2: Schematic drawing illustrating the difference between an alveolar-pleural fistula 
(distal to segmental bronchus) and broncho-pleural fistula (proximal to segmental bronchus). 
Drawing by Bob Hermans.

Firstly, COPD is strongly associated with pPAL.(7) Predominant emphysema 
(Figure 3B/C) in COPD may be more predictive of pPAL, supported by studies 
using radiological emphysema grading.(19, 20, 26) However, the obstructive 
component may also be involved in the pathophysiology. Eberlein suggested 
that increased resistance in normal airways might cause preferential airflow 
through collateral pathways, which may connect the entire lung without 
fissures, and increase airflow towards the leakage site.(27)

The driving pressure of PAL (Figure 4) is affected by the clinical circumstances. 
For instance, positive pressure is required during mechanical ventilation 
to overcome chest wall inertia, which has been associated with longer PAL 
duration.(28-30) Similarly, a stronger vacuum applied to the chest tube increases 
the driving pressure, which may explain why water seal is preferred over active 
suction for shortening PAL duration.(31)
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Figure 3: A) Histological sections through the lung parenchyma of a healthy sheep. Leakage 
from parenchymal lacerations can occur from both alveoli (bottom arrow) and small bronchioles 
(top arrow) (20x magnification, HE-stain). B) Electron microscope image of healthy lung alveoli.  
C) Electron microscopy image from emphysematous lungs. "Reprinted from CHEST, Volume 117, 
Issue 5, Steven D. Shapiro, Animal Models for COPD, Pages 223S-227S, 2000, with permission 
from Elsevier.

After lung resection, pleural apposition is important to seal the leaking 
orifice.(32) This is more challenging in specific cases, such as bi- or upper 
lobectomies, which have been associated with pPAL.(7, 26) In cranial lesions, the 
gravity gradient increases ΔPlesion due to more negative intra-pleural pressure 
(PIP), which may explain increased PAL in upper lobectomy.(26, 32, 33) Lung 
overdistention, which is larger for extended lobectomies, may also increase 
air leaks.(34) Surgical techniques can be applied to restore pleural apposition, 
including mobilization of the pleural ligament and pleural tenting.(6, 32)

Finally, healing mechanisms play a role in the duration of PAL. Healing occurs 
through fibrosis in the lung alveoli when the basement membranes are injured, 
and the mesothelial cell layer of the pleura can regenerate within seven to 
ten days.(35, 36) Factors inhibiting wound healing such as steroid use, cigarette 
smoking or a low body-mass index have been associated with pPAL.(7)
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In summary, patient and procedure characteristics play an important role in 
the development of pPAL. This is relevant when designing preclinical disease 
models to test novel treatments.

Figure 4: PAL is determined by the pressure difference (ΔPlesion) between the interpleural 
space (Pip) and the alveoli (Pa) or the bronchi (Paw). The lacerated structure determines the 
resistance for the air leak, estimated higher for alveolar leaks (Ra) compared to more central 
bronchiole leak (Rb). Drawing by Bob Hermans. 
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Theoretical framework: relevant pulmonary biomechanics
Pulmonary physiology results from the local mechanics of alveoli (ø75-
300μm).(37) These are coated with a liquid lining causing inward surface-tension 
forces (T), but specialized amphiphilic molecules (surfactant) reduce the 
surface tension. The equilibrium pressure (P) required to open the alveolus is 
thereby reduced, given by the Laplace equation ( ) (Figure 5)(37). Airways 
and alveoli are embedded in the parenchyma and therefore mechanically 
interrelated, causing airway opening during inspiration (more negative PIP) 
and compression during expiration or coughing.(32, 34, 37-39)(Figure 6).

Airflow (Q) is driven by a pressure gradient (ΔP) that results from variation in 
PIP during volume changes in the thorax (assuming lamellar flow: )(37). 
The resistance (RAW) is mainly dependent on the airway radius (r) and can be 
estimated using Poiseuille’s equation (assuming lamellar flow: )(37)

Figure 5: Surface tension forces (T) collapse the alveolus, which are lowered by the interaction 
between surfactant and water molecules. The alveolar pressure (Pa) required to prevent 
this from occurring is given by the Laplace equation. Mechanical interplay between units is 
illustrated by red arrow. r = radius, Q = airflow, Paw = airway pressure. Drawing by Bob Hermans.
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Figure 6: Outward elastic recoil of the chest wall (Ecw) and inward elastic recoil of the lung (El) 
result in an equilibrium negative pressure in the interpleural space (Pip) with respect to the 
atmospheric pressure (Patm) under physiological circumstances. Pip is more negative apically 
in an upright position, due to the gravity gradient (g). When air enters the interpleural space, the 
equilibrium is disrupted and the lung collapses. As shown in the top-right graph, the compliance of 
the lung is reduced in this case (orange line), and higher transpulmonary pressure (Ptp = Pa – Pip)  
is required for a similar change in volume. Pa = alveolar pressure. Drawing by Bob Hermans.
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Intraoperative management of air leaks

Identification and classification
Valid methods for identification and grading of intra-operative air leaks (IAL) 
are essential to standardize research and treatment. Conventionally, the 
thoracic cavity is filled with saline solution to perform a leak test, similar to 
checking a leaking bike tire. Grading the severity of IAL with this approach 
may be challenging and prone to interobserver variability (e.g. Macchiarini 
bubble scale, Table 1).(40-42) A more standardizable approach is the mechanical 
ventilator test.(43) IAL size (in mL/min) is calculated as the difference between 
the inspiratory and expiratory tidal volumes. Literature suggests that the 
derived IAL size is predictive of pPAL, but the validity of these measurements 
in terms of accuracy and repeatability is not described (Table 1).(43-45)

Table 1: Air leak grading and classification 

Visual bubble scale by Macchiarini(41)

Grade 0: no leak
Grade 1: countable bubbles 
Grade 2: stream of bubbles
Grade 3: coalesced bubbles 

Mechanical ventilator test by Zaraca(43)

Mild: <100 mL/min 
Moderate: 100-400 mL/min 
Severe: >400 mL/min 

Surgical management and lung sealing devices
In patients with normal healing and no other comorbidities, standard 
techniques using surgical staples or sutures are generally sufficient for 
attaining aerostasis.(7, 26) Surgical staplers can be used to divide lung tissue 
and operate by deploying two rows of staples and cutting in between these 
rows. Certain injuries to the lung, such as stab or crush lesions, may be better 
treated by conventional suturing.

However, in some circumstances, additional intervention is needed, for which a 
multitude of lung sealing devices (SDs) have been developed. For example, in 
cases of poor tissue quality (due to smoking, emphysema, steroid use), sutures 
or staplers can cause tears and leave residual holes for air leaks (Figure 7). 
Surgical division of pleural adhesions can result in superficial pleural defects 
which are difficult to treat using conventional techniques.(7) Similarly difficult 
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to suture lesions can develop when dissecting in the pulmonary hilum or 
segment borders during anatomical resections (Figure 7), or when performing 
pleural decortications.(7, 46)

Tears in the lung parenchyma can be prevented using buttressing 
materials as an SD, distributing the force on the suture or staple over a 
larger surface area (Figure 7). Several materials are described, including 
poly(tetrafluoroethylene) (PTFE), bovine pericardium, collagen patches, 
poly(glycolic acid) (PGA) and autologous pericardium/pleura.(26) Staplers with 
pre-loaded buttressing material exist to increase ease of use.(47)

Figure 7: Left: in poor quality lungs, sutures or staplers may tear through the tissue, leaving 
behind air leaks. Staple line buttresses or suture pledgets may be used to prevent this. Right: 
parenchymal damage due to dissection of the lung hilum or segmental borders may be difficult to 
suture or staple, requiring different methods of tissue repair. Drawing by Bob Hermans.

Tissue adhesives are another form of SD that can be applied as a patch, glue or 
spray and generally have an active component (e.g. in-situ polymerizing gels). 
Mechanisms are illustrated in Figure 8. They were grouped by Bouten et. al. 
according to their chemical structure into synthetic polymeric (e.g. Coseal®, 
Glubran®), polysaccharide-based (e.g. chitosan) and protein-based/
biomimetic (e.g. Progel®, TachoSil®).(48, 49) Devices commonly used include 
fibrin/thrombin coated collagen patches (TachoSil®), fibrin/thrombin glues 
(Tisseel®, Tissuecol®), a functionalized poly(ethylene glycol) coated collagen 
patch (Hemopatch®) and a human serum albumin/poly(ethylene glycol) based 
spray (Progel®) (common use is partially based on unpublished survey data in 
the Netherlands).(50)

Finally, localized energy delivery devices can be used for achieving aerostasis, 
including conventional coagulation(51), high-frequency focused ultrasound(52) 
or laser tissue welding.(53). For instance, specialized clamps can be used during 
dissection, simultaneously cutting and sealing the lung (e.g. Harmonic AceTM).
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Figure 8: Forces of lung sealants can be divided into adhesive and cohesive forces. The cohesive 
matrix must withstand lung expansion and prevent penetration of air. The adhesion to the tissue 
needs to be strong enough for rapid application and prevent debonding. Mechanisms responsible 
may depend on the sealant used, and can include mechanical interlocking, entanglement 
of molecular chains and intermolecular forces (covalent bonds, dipole-dipole interactions, 
hydrogen bonding) as well as electrostatic forces.(9,54) Drawing by Bob Hermans.

Current evidence and unmet clinical need

SD availability is abundant, but evidence in literature remains controversial.(2, 26)  
A systematic review by Belda-Sanchis et. al. described a significant reduction 
in length of hospital stay for sealant use in only 3/16 included trials.(58) A meta-
analysis by Malapert et. al. showed that sealants and buttresses could reduce 
the occurrence of pPAL after surgery, but advise cautious interpretation due to 
publication bias.(55) More recently, McGuire et. al. performed a meta-analysis 
investigating polymeric sealants, showing a small but significant reduction in 
one day length of stay, but with inter-trial heterogeneity.(56) Multiple different 
sealants are pooled in these analyses, and considering differences in efficacy, 
more comparative data is required.(56-58) Another meta-analysis investigated 
only one sealant that is frequently used in clinical practice (TachoSil®), 
describing an average reduction of almost two days length of stay.(50, 59) These 
results are promising, but considering the average increase of four to eight 
days in length of stay for pPAL, improvements are still to be made.(5, 17)



18 | Chapter 1

Patient selection is important to prevent overtreatment, side effects and reduce 
costs. If patients at risk for pPAL are not properly identified, large sample 
sizes are needed to show treatment effects.(26) Because lung sealants and 
buttressing materials are expensive, evidence-based use in the right patient 
is essential to maintain affordable health care systems (e.g. TachoSil® and 
Progel® cost around €400,- per usage).(60, 61) Prior studies describe risk factor 
models based on patient, radiological and intraoperative factors(19, 20, 62-64),  
which may be useful in this regard.

In summary, no perfect lung sealant is available for use in current clinical 
practice. The findings for TachoSil® are promising, but this patch has a long 
application time (3-5 minutes) and requires human plasma for production.(65) 
Furthermore, different application methods might be beneficial for different 
circumstances (e.g. spray, patch, viscous glue), requiring additional product 
development.(50) The unmet need for lung sealants has been described by 
Brunelli et. al. as:

“There is therefore an unmet need to produce a specialty specific, 
single-component and more effective surgical sealant capable 
of sealing air leaks in wet and dynamic biological environments 
while maintaining adequate mechanical and adhesive properties 
without inhibiting tissue repair.”(2)

Novel lung sealants

Requirements for novel lung sealants
Precise requirements should be formulated to fulfill the unmet clinical need for 
lung sealants.(66) Proper biodegradability (after healing is completed), optimal 
biocompatibility (no adverse inflammatory response or reactions due to 
antigenicity, systemically non-toxic) and no infection potentiation are minimal 
requirements from a safety perspective.(67-69) Advantageously, the device 
would accelerate wound healing and exhibit bactericidal properties.(49, 70)  
Biomechanically, it should be impenetrable to air, strongly adhesive and have 
elastic properties similar to the lung (described to be around 5-30kPa).(9, 71)  
It should allow for complete lung inflation without causing impairment 
of respiratory function.(72, 73) Also, it should resist the respiratory cyclic 
deformation in the wet pleural environment, without failing before healing is 
achieved.(2, 9) These mechanical perquisites might be expressed as respiratory 
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pressures to be resisted, which can be up to 35-40cmH2O during mechanical 
ventilation recruitment maneuvers or up to 71cmH2O during coughing in post-
thoracotomy patients.(71, 74, 75) Most anesthesiologists attempt to limit the peak 
ventilation pressures <30cmH2O during thoracic surgery.(76)

For usability during surgery, it needs to be available with minimal preparation 
time and intuitive to apply.(1, 2) As procedures are increasingly performed 
thoracoscopically, every patch should be pliable enough for this purpose and 
spray systems should come with lengthened application tips.(2) From societies 
perspective, it needs to be safe, effective, environmentally sustainable 
and cost-effective.(55, 58) From an ethics perspective, synthetic materials 
are preferable over animal materials, also eliminating zoonotic disease 
transmission and reducing antigenicity.(65, 77)

Specific considerations relating to possible sites of application should be 
taken into account. Lung injury will generally occur through the following 
mechanisms during elective surgery(7, 46):

i.	 Dissection of pleural adhesions or pleural decortications, leading to 
superficial visceral pleural injuries;

ii.	 Dissection of the lobar or segmental plane (Figure 7), leading to 
superficial parenchymal injuries;

iii.	 Completion of fissures using staplers;
iv.	 Iatrogenic injury of surgical instruments (clamp crush injuries, heat 

injuries, sharp injuries).

Defect types (i) and (ii) are difficult to suture due to their location or superficial 
nature, and could be treated using patch or gel based sealants. Defect type (iii) can 
be treated using staple line reinforcement, and spray sealants may be preferred 
over patches due to mechanical interlocking mechanisms (Figure 8).(48, 50)  
For a patch to be applied to a staple line, it should be pliable enough to 
fold around the acute angle. Lastly, the remaining injuries (iv) might 
best treated using a combination of techniques (e.g. suturing and patch/
spray reinforcement).

Novel polyoxazoline based tissue adhesives
Poly(2-oxazoline)s are promising materials for tissue adhesive purposes that 
may be tuned to specific needs. Previous authors have described synthesis of 
copolymers with different compositions of 2-n-propyl-2-oxazoline (nPropOx) 
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and 2-methoxycarbonylethyl-2-oxazoline (MestOx).(78) The hydrolysable 
methyl- ester of MestOx can be used for functionalization, and by varying the 
MestOx/nPropOx ratios, the degree of functionality can be adjusted.(78)

For bio-adhesive purposes, different functional side chains exist.(79) 
N-hydroxysuccimide (NHS) esters are capable of rapidly forming covalent 
bonds with primary amines and thiols, which are abundantly present in 
tissues (Figure 9).(9, 79) This functional group is already used in commercially 
available products such as a collagen patch coated with NHS functionalized 
poly(ethylene-glycol) (Hemopatch®).(80) Boerman et. al. extensively described 
functionalization of polyoxazolines with NHS esters (NHS-POx), as well other 
modifications including addition of hydroxyl groups to improve hydrophilicity, 
amine groups to improve crosslinking or hydrolytically cleavable groups to 
tune biodegradation properties (Figure 9).(81, 82) This technology has been 
developed by GATT-Technologies B.V. (Nijmegen, the Netherlands).

Figure 9: Top reaction: bioconjugation reactions of NHS-esters with tissue amines and thiols. Upon 
formation of the amide or thioester bond, an NHS leaving group is formed. The amide or thioester 
bonds are degraded in-vivo by hydrolysis (based on Nam et. al.(9)). Bottom reaction: 2-ethyl-2-
oxazoline (EtOx monomer) and 2-methoxycarbonylethyl-2 oxaczoline (MetOx monomer) are 
polymerized through cationic ring opening polymerization (CROP). The MestOx side chains can be 
functionalized after polymerization. (i) shows functionalization of a carboxylic acid group with NHS 
esters and (ii) shows the presence of a hydrolyzable ester moiety to introduce biodegradability, 
(iii) shows the addition of a hydroxyl group (structure formulas based on Boerman et. al.(81))



21|General introduction

1
The hemostatic capabilities of NHS-POx were investigated by Roozen et. al. 
in a model of experimental liver resection. For prototype selection, various 
carrier materials were coated with a combination of amine- functionalized 
(nucleophilically- activated) and NHS-functionalized polyoxazolines 
(electrophilically activated). Superior hemostatic efficacy of gelatin patches 
coated with these polymers was observed compared to a commercially 
available hemostatic agent (TachoSil®).(82)

The mode of action is based on the following mechanisms: 1) rapid adhesion 
to tissue proteins by covalent bonding with NHS esters, 2) blood uptake by 
hydrophilic patch causing tamponade 3) crosslinking within the adhesive 
matrix between NHS esters and amines in polyoxazoline, gelatin and blood 
contents, 4) blood coagulation within the gelatin matrix and 5) water uptake 
forming a sealing hydrogel (Figure 10).(81, 82) Based on promising pre-clinical 
results, the NHS-POx patch has been investigated in clinical trials of liver 
resections (ClinicalTrials.gov: NCT04819945 and NCT05385952). Approval 
for the European market has been obtained in 2023 (marketed as ETHIZIA™, 
Ethicon Inc., United States).(83)

Figure 10: Mechanisms of action of the novel polyoxazoline impregnated gelatin patch. Amide 
and thioester bonds form on both the tissue-adhesive interface (with tissue proteins) and within 
the cohesive matrix (between gelatin, polyoxazolines and absorbed blood contents). Blood 
uptake enhances the hemostatic efficacy due to coagulation mechanisms. Water uptake ensures 
the formation of a sealing hydrogel. Drawing by Bob Hermans.

It is hypothesized that this NHS-POx patch can also be used as a strong 
aerostatic sealant. For this purpose, some modifications are considered to the 
mode of application:
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•	 Priming of the lung with a higher pH fluid compared to saline (0.9% NaCl, pH 
~5.5), which is generally used for hemostatic application.

•	 Application with gauzes soaked in the same priming solution.
•	 Longer compression time to allow for more complete crosslinking and water 

absorption, leading to a stronger sealing hydrogel.
•	 Application of a thicker layer of the material, ensuring a stronger 

cohesive matrix.

Using a solution with a higher pH (e.g. phosphate buffered saline, pH ~7.4 
or buffered NaHCO3

-, pH ~8.3-8.5) ensures that the degree of protonation in 
amines (NH2:NH3

+) turns more favorable towards the more nucleophilic NH2. 
This increases the rate of covalent bond formation with the electrophilic NHS 
esters, resulting in a faster and stronger adhesion.(79) Such priming method 
is also described in instructions for use of Hemopatch® (based on NHS-PEG 
esters).(84) The aspect of the surgically applicable patch is shown in Figure 11.

Figure 11: Left: Aspect of dry-stored gelatin patch impregnated with functionalized poly 
(2-oxazoline)s before application (GATT-Technologies B.V., Nijmegen, The Netherlands).  
Right: Aspect of formed hydrogel on an ex-vivo lung surface after application.

Preclinical research
Before new technologies can be used on patients, extensive preclinical 
research is required, to demonstrate safety and efficacy (Figure 12). 
Generally, novel technologies are first tested and optimized in in-vitro and 
bench-testing setups, followed by higher fidelity ex-vivo models and lastly 
in-vivo models. When the standards of relevant legislation are met and ethical 
approval is obtained, the first in-human clinical trial can be executed. Finally, 
market approval needs to be obtained from the governing authorities (e.g. 
Conformité Européenne [CE] in Europe and Food and Drug Administration 
[FDA] in U.S.A).(66)
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In-vitro platforms
In-vitro research is furthest away from clinical practice, but has the advantage 
of being relatively low-cost and quickly applicable, allowing for many different 
product iterations. Examples include standardized material property testing 
(e.g. American Society for Testing and Materials [ATSM] standards) and cell 
cultures to investigate toxicity, bacteriostatic or bactericidal properties.(71)

Ex-vivo platforms
For lung sealant investigations, ex-vivo models generally consist of 
mechanically ventilated animal lungs (e.g. from slaughterhouse) which are 
lacerated and subsequently sealed.(49, 57, 85, 86) Pressure is increased until 
leakage occurs, which is noted as the bursting pressure. These models 
allow for comparative testing of previously optimized products to available 
competitors in more realistic environments, including surgical application 
to organs, volumetric strain exposure and physiological conditions (e.g. 
temperature and pH).

More advanced models can be designed, such as ex-vivo porcine lung perfusion 
models or perfusion of human donor lungs rejected for transplantation.(87-89) 
Future ex-vivo models may consist of a combination of organosynthetic 
respirator models to simulate negative ventilation mechanisms, and ex-
vivo lung perfusion models to simulate physiological homeostasis, further 
diminishing the need for in-vivo experiments.(90)

Figure 12: Overview of preclinical testing phases of medical devices 
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In-vivo models
Experimentation with live animals is subject to strict legislation and ethical 
assessment. Animal experiments should only be performed when there is 
no other alternative, according to principles of the three R’s (Replacement, 
Reduction and Refinement).(91) In the final phases of product testing before 
use in humans, the use of animals is mandatory, to allow for a final judgement 
of efficacy and safety in a living organism. As of now, the complete integration 
of relevant physiological mechanisms (negative pressure ventilation, pleural 
mechanics, coagulation, immune system) in an ex-vivo platform is not feasible, 
necessitating these experiments. Specifically for lung sealant research, no 
standardized in-vivo model is described in literature.

Outline of this thesis

In summary, pPAL remains a primary concern in lung surgery with insufficient 
solutions, causing morbidity, mortality and high costs. In this thesis, the 
novel lung sealant based on NHS-POx impregnated gelatin patches will be 
investigated in preclinical studies aimed at high translational value. Validity 
will be supported by integrating model verification studies, but the main goal 
will be to investigate the aerostatic efficacy and safety profile for surgically 
treating and preventing the clinical problem of pPAL.

Valid measurement methods of IAL are necessary to standardize the 
investigations, but the characteristics of current techniques are unknown. To 
this end, a validation study is performed and results are described in Chapter 2.  
Using a bench testing setup, various IAL measurement techniques on the 
mechanical ventilator are compared, to assess repeatability and accuracy for 
use in further studies.

Since a standardized in-vivo model of PAL is lacking, a systematic review 
of previous animal experiments is performed to identify the best animal 
model (Chapter 3). This systematic review will investigate internal validity 
of previous models, and attempt to derive which model offers the highest 
translational value for clinical practice based on various factors such as 
disease model, surgical approach and outcome measures. Based hereon, 
recommendations for design of future models are described, which will be 
used in subsequent chapters.
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The NHS-POx patch is investigated as a lung sealant in an ex-vivo porcine 
lung model (Chapter 4). Standardized superficial lesions are used to test 
the pressure resistance and PAL reduction of the novel patch in comparison 
to different commercially available SDs. The results of this study provide a 
rationale for further in-vivo experimentation.

In order to verify the validity of the in-vivo model to be used for efficacy and 
safety testing of the NHS-POx patch, the baseline PAL capacity of various 
lesions are investigated and described in Chapter 5. The lesion that results 
in a valid model of PAL will be used for testing the aerostatic efficacy of the 
NHS-POx patch. The intrinsic sealing mechanisms of lesions in healthy animal 
models are also investigated.

The aerostatic efficacy of the NHS-POx patch described in Chapter 4 will be 
validated in more clinically realistic scenario’s. This is investigated in a large 
animal model of surgical application, and described in Chapter 6. The lung 
sealing integrity will be monitored several hours after application under both 
mechanical ventilation and physiological breathing mechanics to simulate the 
direct postoperative period, using untreated lesions as control.

In Chapter 7, the biocompatibility and biodegradability of the NHS-POx patch 
will be investigated in a long term animal model of intrathoracic application. In 
comparison to control groups, the histological response and mechanisms will 
be studied at various time points after application.

In Chapter 8, the implications of the findings are discussed, as well as directions 
for future research and development.
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ABSTRACT

Prolonged air leakage (AL) following pulmonary resections leads to prolonged 
hospital stay and post-operative complications. Intra- and postoperative 
quantification of AL might be useful for improving treatment decisions, but 
these measurements have not been characterized. AL calculations based on 
inspiratory and expiratory tidal volumes were investigated in an Intensive 
Care Unit mechanical ventilator circuit (Servo-I). AL was also measured by 
a digital chest drainage system. This study shows that AL measurements 
increase in accuracy when corrected for baseline deviations (R: 0.904 > 
0.997, p<0.001). Corrected measurements were most accurate when AL was 
>500 mL/min, with an estimated mean systemic bias of 7.4% (95%-limits of 
agreement [LoA]: 1.1%-13.7%) at 500 mL/min air leak. Breath-by-breath 
analysis showed most accurate results at AL >20 mL/breath (R: 0.989-0.991, 
p<0.001) at tidal volumes between 350-600 mL. The digital drain had a mean 
systemic bias of -11.1% (95%-LoA: -18.9% to -3.3%). This study indicates that 
the Servo-I can be used for air leak quantification in clinically relevant ranges 
(>500 mL/min), but is unsuited for small leak detection due to a detection 
threshold. Researchers and clinicians should be aware of varying accuracy and 
interoperability characteristics between AL measurement devices.
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Introduction 

The use of pulmonary air leak (AL) measurements is increasingly being 
reported to predict the occurrence of prolonged pulmonary air leakage 
(pPAL) following lung resections.(1-3)  pPAL, defined as AL lasting longer 
than five days, affects 5.6-30% of patients.(4) This increases the risk for 
postoperative pulmonary and pleural complications such as empyema, 
mortality, length of chest drainage, hospital stay, hospital costs, readmissions 
and reinterventions.(5-9) Intraoperative AL measurements can be performed, 
deriving AL volumes from inspiratory (TVi) and expiratory (TVe) tidal volumes 
on a mechanical ventilator.(2, 3) Postoperatively, measurements can be derived 
from a digital chest drainage system.(10) 

Objective digitalized measurements of AL may standardize clinical decision-
making and reduce practice variation.(11-13) It offers a more reliable method 
of grading the severity of AL compared to conventional methods, such as the 
Macchiarini visual bubble scale used during water submersion tests, or the 
Cerfolio scale in the chest drain collection system.(12, 14, 15) Few clinical studies 
have been performed using intraoperative AL measurements, but all seem to 
indicate the potential for identifying patients at risk for pPAL.(2, 3)

A risk prediction model based on calculating intraoperative AL percentage of 
TVi, showed that AL >9.5% is predictive of pPAL.(2) Similarly, AL >500mL/min 
was demonstrated to be predictive of pPAL.(3) Another study showed that usage 
of a lung sealant based on ventilator measurements can be cost-effective.(11) 
Conversely, in preclinical animal studies testing lung sealing interventions, 
AL measurements are infrequently used. However, these may be useful for 
improving the quality and translational value, by ensuring clinically relevant 
AL and a reliable AL-reduction measurement from baseline values.(16, 17) 

Despite preclinical and clinical relevance of AL measurements, the accuracy, 
reliability and interoperability of these measurements are not well known. 
Some studies reported modelling of AL during non-invasive ventilation (i.e. 
mask), but such leaks have different mechanics and lack a closed circuit.(18, 19)  
To illustrate a possible problem with AL measurements using a mechanical 
ventilator, consider that flow is generally measured using two separate 
channels for TVi and TVe. In such a setup, both measurement errors can add 
up when measuring AL as the difference between these volumes, and result 
in inaccuracies. Moreover, the measurement characteristics are selected to 
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measure flows in the range of tidal volumes, and are not necessarily suited 
to detect small volumes associated with AL. Even in the context of measuring 
tidal volumes, a previous bench study has shown a large volume error between 
nine different ICU ventilators, possibly compromising interoperability of AL 
measurements.(20) 

The aim of this study is to determine the most accurate AL measurement 
methodology, when using a ventilator. Furthermore, the accuracy of a digital 
chest drain system is tested. 

Materials and methods

Experiments comparing a standardized and volumetrically calibrated AL 
measurement (Omron, model D6F-02A1-110, Omron Electronics, 0-2000mL/min, 
accuracy ±3% and reliability ±0.3%) to four other AL measurement methodologies 
were performed in a mechanical ventilator (SERVO-I®, Getinge, Gotenburg, 
Sweden) bench setup. These methods were (1) mechanical ventilator monitor 
values, average AL over one (MV1) or (2) five breathing cycles (MV5)(2,3) and 
(3) continuous flow signal analysis over a proximal flow sensor (PROX, model 
SFM3300-D, Sensirion, ±250 slm, accuracy ±3%) or 4) the mechanical ventilator 
flow signal output (SERV). AL was calculated as an average flow in mL/min or 
in mL/breath in a breath-by-breath analysis. In addition, flow measurements 
provided by a digital drainage system (Thopaz®, Medela, Baar, Switzerland) are 
compared to the standardized AL measurement.

Measurement setup 
In order to simulate AL, a bench setup with a mechanical ventilator circuit using 
a test lung which mimics physiological lung compliance (Delta Medic B.V., 
IJsselstein, the Netherlands) was used. An AL simulation side port was added, 
and all air flowing over this side port was measured directly using the Omron 
sensor, serving as the standard method to which the other AL quantification 
methods were compared. To adjust the AL magnitude, either mechanical 
ventilator settings determining the driving pressure (ΔP) or the configuration of 
the tubes determining the resistance (R) were adjusted. The same principle was 
used for the digital drain system validation setup. The experimental setups are 
shown in Figure 1 and all settings and configurations used for the measurements 
are shown in Table 1. In the configurations, AL was ensured to be below 2000mL/
min, to stay within the critical measurement limits of the Omron flow sensor. 
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Measurement protocol 

Figure 1:  Experimental setup. A) Schematic of mechanical ventilation circuit (S = proximal flow 
sensor [PROX], O = standardized air leak detection flow sensor [Omron], R = resistance) and 
B) Photograph of the relevant connections. The standard resistance trough the AL side port is 
formed by four three-way luer locks and a one-way valve. The thin piece of tubing (white arrow) 
is swapped out to configure the resistance (Table 1). C) Schematic and D) photograph of the 
Thopaz® setup. The standard resistance consists of three three-way luer locks and the thin 
piece of tubing (white arrow) is swapped out to configure the resistance (Table 1).

Firstly, to explore measurement characteristics, various settings were tested 
for each measurement method, calculating AL in mL/min for 10 measurements 
per settings and 60 seconds per measurement unless otherwise stated. During 
each measurement cycle, the baseline was first determined with the AL side 
port closed, followed by AL simulation. Secondly, AL was recorded in mL/breath  
comparing the mechanical ventilator monitor readings to the Omron 
measurement for 30 breaths per setting. Finally, aerostatic efficacy outcomes 
were measured. AL-reduction was measured on the mechanical ventilator by 
measuring baseline, AL and reduced AL (extra resistance component). 

For the digital drain system measurements, three separate calibrated drainage 
devices were evaluated at 9 measurements each (Supplement 2A). At each 
setting, the system was first allowed to stabilize, after which the flow was 
observed from the monitor, and the Omron sensor was used to measure for  
30 seconds. Before every experiment, airtightness was ensured by applying 
soap solution on all made connections, with system pressures exceeding those 
of the intended protocol settings. The protocol settings are listed in Table 1. 
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Table 1: Measurement configurations

Pressure settings (ΔP) Resistance components (R)1

Air leak measurements using mechanical ventilator  

Small leak (SL) RR 12/min, I:E 1:2, FiO2 21%, PEEP 5 cmH2O 
Variable: PC 10/20/30 cmH2O

Luer-lock tube  
(10 cm, 0.9 mm⌀) 

Big leak (BL) RR 12/min, I:E 1:1, FiO2 21%, PEEP 4cmH2O, 
Variable: PC 8/12/16 cmH2O

No extra components 

VC/no PEEP RR 12/min, FiO2 21%, PEEP 0 cmH2O
Variable: I:E 1:2/VC 700 mL, I:E 1:1/VC 850 mL

No extra components

30s vs 90s RR 12/min, I:E 1:2, FiO2 21%, PEEP 5 cmH2O, 
PC 20 cmH2O

Luer-lock tube  
(10 cm, 0.9 mm⌀) 

Mechanical ventilator breath-by-breath analysis 

Breath-by-
breath 

RR 12/min, I:E 1:1, FiO2 21%, PEEP 5 cmH2O, 
Tpause 10%
Variable: tidal volume 
300/350/400/450/500/550/600 mL

Small leak: luer-lock tube 
(10 cm, 0.9 mm⌀)
Medium leak: luer-lock tube  
(30 cm, 1.8 mm⌀)
Big leak: No extra 
components

Aerostatic efficacy outcomes 

AL-reduction RR 12/min, I:E 1:1, FiO2 21%, PEEP 4 cmH2O, 
PC 12 cmH2O

100% leak: no extra 
components 
50% leak: 2x luer-lock tube  
(30cm, 1.8mm⌀)

Thopaz validation setup 

High resistance  -1, -5, -10, -15 and -20 cmH2O Luer-lock tube  
(10 cm, 0.9 mm⌀) 

Low resistance -3, -5, -10 and -15 cmH2O One extra 3-way luer lock 

1Standard resistive components are shown in figure 1. 
RR = respiratory rate; I:E = inspiratory:expiratory ratio; PEEP = positive end expiratory pressure;  
PC = pressure control setting above PEEP; VC = volume control

Data-acquisition 
For the Omron measurement, sensor output is recorded into Simulink, Matlab 
(version R2020/2021a). Tidal volumes displayed on the mechanical ventilator 
monitor were manually noted for the MV1 and MV5 measurements. To ensure 
repeatable measurements, the mechanical ventilator internal calibration 
was executed before every series of measurements, and compensation 
for compressible volume was always turned on. During breath-by-breath 
acquisition from the mechanical ventilator monitor, a custom optical 
character recognition (OCR) algorithm was developed using Matlab (Figure 2, 
Supplement 2A). The PROX and SERV measurement output is acquired using 
dedicated software (ControlCenter and ServoTracker respectively), and the 
SERV output is additionally recorded into the Simulink model. For digital drain 
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system measurements, the flow values are noted from the monitor once a 
stable value is reached (displayed in 10mL steps at 0-1000mL/min and 100mL 
steps at >1000mL/min). Data-acquisition details and calibrations are described  
in Supplement 2A.

Data processing 
Data processing was performed using Matlab (version R2021a). AL (mL/min) 
was calculated from the mechanical ventilator monitor as: 
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where T is the mean temperature acquired by the flow sensor over the 
measurement period in Kelvin. The pressure changes during mechanical 
ventilation around atmospheric pressure were excluded from this calculation, 
as they were calculated to be negligible in the combined gas law. AL values 
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AL percentage per breath of TVi was calculated as(2): 
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Statistical analysis 
Statistical analysis was performed using IBM SPSS Statistics for Windows, 
Version 26.0 (Armonk, New York; IBM Corp). Measurement accuracy was 
assessed by comparing differences to the control measurement (Omron). 
Correlations were computed using Pearson’s R and statistically compared 
using a web-based tool of the cocor R package.(21,22) Measurement precision 
was assessed by computing a mean centred coefficient of variation. Statistical 
comparisons for AL accuracy and precision were performed using an ANOVA 
and Tukey’s post-hoc test. For AL-reduction, variances were compared using 
Levene’s test and differences versus Omron with a one-sample t-test, and 
both adjusted for multiple testing using a Bonferroni-Holm method.(23) Tests 
are performed two-tailed with α=0.05. In the breath-by-breath analysis, linear 
regression fits were calculated using Matlab (version R2021a, Supplement 
2B). Bland-Altman plots were generated using Graphpad Prism 9. In case 
of an inhomogeneous scatter, the limits of agreement were estimated 
based on a variable variance function developed in Matlab for this purpose 
(Supplement 2B).

Figure 2: A/B) Representative example of the air leak calculations from a flow signal (A) using a 
cumulative integral (B). In selecting the measurement period, care is taken that both the start 
and end indices are either at a local maxima or local minima. C) Screenshot from the control 
algorithm of the custom built OCR application, allowing for breath by breath analysis. Values in 
green boxes are calculated by the algorithm and checked for correctness by the experiment 
executor, and stored per breath to allow continuous monitoring (D).
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Results

Air leak measurements using mechanical ventilator
AL was produced in the range of 168-941 mL/min as measured by Omron, 
with a low coefficient of variation (CV) (mean: 0.011, 95%-CI: 0.002-0.021). 
The accuracy of the mechanical ventilator methods varied based on the 
measurement protocol used (Figure 3). Correction for baseline measurements 
resulted in a significantly improved correlation between Omron and MV1  
(R: 0.901 > 0.974, p<0.001), MV5 (R: 0.904 > 0.997, p<0.001), PROX (R: 0.876 
> 0.951,p<0.001), but not for SERV (R: 0.823 > 0.849, p=0.39). Correction 
for baseline also significantly increased precision in PROXc (p=0.023) 
and SERVc (p=0.025), but not MV1c (p=0.608) and MV5c (p=0.487). The 
correlation between Omron and MV5c (R: 0.997) was significantly stronger 
compared to MV1c (R: 0.974, p<0.001), PROXc (R: 0.951, p<0.001) and SERVc  
(R: 0.849, p<0.001).

MV5c showed the highest precision (CV mean: 0.076, 95%-CI: 0.039-0.113), 
which was significantly better compared to PROXc (CV mean 0.279, 95%-CI  
0.152-0.406, p=0.042) and SERVc (CV mean: 0.431, 95%-CI: 0.244-0.618, 
p<0.001), but not compared to MV1c (CV mean: 0.108, 95%-CI 0.054-0.161, 
p=0.97). MV1c was also more precise compared to SERVc (p<0.001), but 
not PROXc (p=0.108). Bland-Altman plots of MV1c and MV5c (corrected for 
baseline deviations) revealed an inhomogeneous scatter with a funnel shape, 
with wider LoA at lower averages (Figure 3B/D). At 500mL/min average AL, 
the estimated mean bias compared to Omron was 7.4% (estimated 95% LoA 
1.1%-13.7%) for MV5c. 
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Figure 3: A/C) Difference of mechanical ventilator methods versus Omron, uncorrected (A) and 
corrected (C) for baseline deviations.  B/D) Bland-Altman plots of MV1c and MV5c versus Omron, 
which are both corrected for baseline deviations. 

MV = mechanical ventilator, PROX = proximal flow sensor, SERV = SERVO-I® mechanical 
ventilator flow signal analysis, c = corrected for baseline deviations.

Mechanical ventilator breath-by-breath analysis 
Breath-by-breath analysis of mechanical ventilator readings using OCR, showed 
a strong and statistically significant correlation with Omron over all settings 
(R: 0.985, p<0.001). Upon subgroup-analysis, correlations (Pearson’s R)  
were found significantly stronger for medium (R: 0.991, p<0.001) and large 
leak (R: 0.989, p<0.001) settings, corresponding to >20mL AL/per breath, 
compared to small leak settings (R: 0.733). Measurement of AL between ~5% 
and ~15% of the TVi were found to be accurate within ~1% of the tidal volume 
between 350-600mL TVi (Figure 4).
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Figure 4: Breath-by-breath analysis results A/B/C) Correlation between standardized AL 
measurements and the mechanical ventilator readings D) Calculated AL percentage of 
inspiratory tidal volume (TVi) for standardized measurement (Omron) versus the mechanical 
ventilator readings (MV) and E) Absolute differences based on D. Dotted lines show borders for 
a ±1% absolute difference.

Aerostatic efficacy outcome measures 
Omron measured an AL reduction of 47.9% (95%-CI: 47.4-48.4%) with a 
low CV (0.015). When uncorrected for baseline deviations, AL reduction was 
significantly different between Omron and MV1 (mean -11.5%, 95%-CI -13.8- 
-9.3%, p=0.004), MV5 (mean -10.9%, 95%-CI -11.9- -9.9%, p=0.003) and SERV 
(mean -118.8%, 95%-CI -160.6- -77.1%, p=0.002) (Figure 5A). When corrected 
for baseline, there were no significant differences (Figure 5B). Consistent with 
prior results, the highest precision was found for MV5c (48.8±0.9%, CV: 0.018) 
versus MV1c (49.2±3.0%, CV: 0.062, p=0.03), PROXc (50.9±9.2%, CV: 0.181, 
p=0.008) and SERVc (47.1±20.6%, CV: 0.437, p=0.005). 

The digital chest drain system was found to have a strong and significant 
correlation to Omron over a measurement range of 0-2000mL/min  
(R: 0.999, p<0.001). In the Bland-Altman analysis for the digital drain, a mean 
systemic bias compared to Omron of -11.1% (95% LoA: -18.9% to -3.3%) with 
homogeneous scatter was observed (Figure 5C/D).
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Figure 5: A/B) Air leak reduction (ALreduc%) measurements comparison, standardized 
measurement (Omron) versus mechanical ventilator methods, uncorrected (A) and corrected 
(B) for baseline deviations. C) Correlation between digital chest drain readings and standardized 
flow measurements, each line corresponding to a unique drainage system (N=3). D) Bland-
Altman analysis of digital chest drain readings, showing a homogenous scatter. *N=2 outliers 
excluded for construction of mean and limits of agreement.

Discussion 

In this study, we measured AL using several methods, comparing their 
measurement characteristics. We demonstrate that AL calculations based on 
flow signal analysis methods (PROX and SERV) were less precise compared to 
tidal volume data displayed on the mechanical ventilator monitor. Breath-by-
breath analysis indicated most accurate measurements when the AL is >20mL/
breath, in tidal volume ranges of 350 to 600mL. Measurement of smaller AL 
resulted in inaccurate measurements, indicative of a detection threshold. 
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Correction for baseline deviations was shown to improve the accuracy of 
AL measurements.

Interpretation of results 
The direct AL measurement Omron has been volumetrically calibrated and 
shows a high measurement precision, and is therefore suited as a control 
for the other methods that were used. MV1 and MV5 are both based on the 
tidal volumes displayed on the mechanical ventilator, and show the highest 
measurement precision of all methods. In this regard, MV1 is more sensitive to 
outliers compared to MV5, due to averaging over less breaths. PROX measures 
tidal flow proximal to the endotracheal tube in both directions, but was found 
to have a lower precision compared to MV5. Similarly, SERV calculations were 
based on tidal flow data extracted from the mechanical ventilator, but these also 
showed significantly lower precision compared to MV5. An advantage of flow 
signal analysis methods is that large amounts of data can readily be acquired, 
which was also achieved in these experiments using a custom OCR tool on the 
mechanical ventilator screen in the breath-by-breath analysis. Finally, the 
digital chest drainage system was found to result in reliable measurements of 
AL, with a systemic measurements bias that should be addressed based on the 
gas flow measurement conditions and conventions used.

The MV5 measurement exhibits a detection threshold, below which it is 
unsuited to detect the presence of, or rule out small AL. Based on the breath-
by-breath analysis, this threshold lies around 20mL/breath. This is likely 
explained by measurement errors of the inspiratory and expiratory flow 
channels exceeding the magnitude of the AL. Computer simulations support 
this hypothesis, revealing a similar funnel shape as seen in the experimental 
data (Supplement 2C). Thus, for the purpose of intraoperative detection of 
AL, other techniques are required. Most commonly, a water submersion test is 
used, but this has disadvantages during thoracoscopic surgery due to limited 
vision. Here, novel methods such as CO2 insufflation or indocyanine green 
aerosols may provide a better alternative.(24,25) 

The MV5 measurement can be used for AL quantification and thus stratification 
of risk groups based on AL size. However, AL still need to surpass the detection 
threshold associated with mechanical ventilator measurements. A recent 
Delphi study proposed classification of mild (100mL/min), moderate (100-
400mL/min) and severe (>400mL/min) AL.(1) Depending on the respiratory 
rate and AL/breath, mild and moderate AL might be difficult to distinguish, but 
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severe AL should be accurately identifiable. This should also be the case for 
the AL magnitudes of >500mL/min or >9.5% of TVi that were previously found 
predictive of pPAL.(2,3)

When using different methods for AL characterisation and risk prediction, an 
empirical correction factor is required and should be obtained for different 
devices. As we have shown in comparison to Omron, the MV5 method might 
overestimate AL ~10%, depending on the AL size, while the digital drainage 
system might underestimate AL ~10%, independent of the AL size.  Additionally, 
previous literature shows a large variability for different mechanical 
ventilators or measurement methods when quantifying tidal volumes.(20,26) 
It is important that researchers and clinicians use the same calibrations and 
definitions for AL, to ensure global interoperability between devices, hospitals 
and research findings.

AL can accurately be measured in an automated fashion, which can easily 
be implemented in present experimental studies using a simple OCR setup. 
Experimental studies investigating lung sealing devices and quantifying 
AL as outcome measure are scarce, while this outcome measure is of high 
clinical relevance for measuring aerostatic efficacy.(17,27,28) Failure to use 
clinically relevant outcome measures might contribute to poor translational 
power of animal studies, raising ethical concerns.(29) This digitalized method 
is advantageous over methods used previously, such as a water displacement 
method or aspiration of air from plastic bags using syringes, by reducing inter-
observer variability.(16,30,31) Other ex-vivo experimental studies have described 
AL quantification systems, which may be useful for validating further AL 
measurement methodologies.(32,33)

Clinical implications
Clinical studies investigating lung sealing devices may benefit from accurate 
measurement of AL, by improving objective subject recruitment. This possibility 
has been shown in a recent clinical trial, using a standardized mechanical 
ventilator test and only applying lung sealants to AL 150-400mL/min or to AL 
>400mL/min that were downgraded first using sutures and staplers, showing 
cost-effective use.(11) No such positive effect was observed in a retrospective 
study with the same lung sealant, in which no selection algorithm was 
applied.(34) Another trial used intra-operative AL severity criteria, but based on 
the visual Macchiarini air bubble scale.(35) This is more prone to inter-observer 
variability and can thus be improved using AL quantification methods. 
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In order to translate the present experimental findings to a clinical surgical 
setting, several technical factors should be considered. First of all, the 
system should be free of leaks, except for the leak of the lung. For this, all 
external connections should be checked carefully and the cuff pressure of 
the endotracheal tube should be at least above the peak ventilation pressure. 
However, a constant leak originating from elsewhere may also be solved by 
continuous measurements and correcting AL for baseline deviations. Secondly, 
a state of stable ventilation should be reached. When atelectasis is still being 
reduced, the TVi will be increased compared to the TVe as a consequence of 
the inflation of previously collapsed alveoli, overestimating the actual AL. The 
inverse is true when trapped air escapes from the lung. Finally, the AL should 
preferably be measured over a standardized interval of at least five breaths 
such as in MV5, with standardized settings, to prevent influence form outliers 
and errors, thus providing the highest accuracy.(3,36) 

When measuring gas flow under clinical conditions, the measurement 
characteristics may theoretically vary up to ~10% due to the combined gas 
laws, if unaccounted for. In the mechanical ventilator-patient-drain interface, 
temperature and pressure are never constant, and therefore the volume of air 
may vary accordingly. The following equation is derived from the combined 
gas law:

				    (5)

Assuming the highest pressure conditions (ΔP=40cmH2O=0.0387atm, P1=1atm) 
and lowest temperature conditions (ΔT=-17K, T1=310.15K) in the physiological 
patient/machine interface(37), we calculate the highest value of V2/V1 to be 91%. 
To improve interoperability between different measurements in this context, 
values of all devices should be normalized by also measuring temperature and 
pressure, using the same conventions. 
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As with all bench studies, the findings might not generalize to clinical 
situations, and should be further investigated in ventilated lungs. Furthermore, 
these findings might not translate to other devices using different sensors. 
Measurement characteristics should be attained empirically, to allow for 
accurate and interoperable use. The standardized flow sensor used for 
comparison in this study has a high reliability, and is therefore most suited to 
assess the precision of the AL measurement. The flow sensor was calibrated 
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to measure standard volumes of air under ambient conditions, which may not 
be the best method for assessing validity. This should be improved by applying 
standardized normalization conventions using temperature and pressure 
measurements. 

Future perspective
This study provides an experimental and theoretical basis for further 
development of intraoperative AL quantification algorithms. Accurate detection 
of AL with the mechanical ventilator should be ensured by standardized settings 
and intervals, stable respiration, normalization and suited sensors (i.e. low 
measurement error). Continuous measurements may improve measurement 
accuracy, by providing a baseline correction capability. Prediction models 
for pPAL based on pre- and intraoperative characteristics should be further 
developed to allow for an integrated digital system which can be used to aid in 
surgical decision-making.(2,11,38)

Conclusion 

In conclusion, AL quantification can be reliably performed based on tidal 
volume data on the SERVO-I® mechanical ventilator within certain tidal volume 
ranges (350-600mL), in AL >20mL/breath. To measure smaller AL values and 
overcome the detection threshold using a mechanical ventilator, flow sensors 
with smaller measurement errors are required. 
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Supplement 2A – Data acquisition and calibration 

Three flow signals were sampled continuously: 

i.	 Standardized AL sensor (Omron)

A mass air flow sensor (model D6F-02A1-110, Omron Electronics, 0-2000mL/min, 
accuracy ±3% and reliability ±0.3%) was calibrated for use with a Simulink data-
acquisition model for continuous data recording and monitoring for measuring 
low-flow ranges. The sensor was connected to a stable 12VDc power supply and 
the signal wires were connected to an acquisition device (National Instruments, 
USB-6210), which was connected to a laptop with Matlab (version R2020/2021a). 
The signals were retrieved using the analog input recorder in Simulink at a sample 
rate of 1000Hz. This signal was passed through an unbuffer and discrete filter 
(50Hz bandstop) before being visualized continuously in the data scope.

Initial calibration
A flow regulator valve was connected to a pressurized air source and an air flow 
was passed through first the TSI 4100 Series Mass Flowmeter (model 41401PHI) 
and then the Omron Electronics mass air flow sensor. Under ambient conditions, 
the flow was increased in steps of approximately 200L/min until 2000L/min 
and the voltage output in the data-scope was recorded. These data-points 
were non-linear (as also described in the data-sheet), and a polynomial fit (4 
degrees) was created using the curve fitting tool in Matlab (adjusted R-square 
= 0.999). This polynomial fit of flow (mL/min) was then added as a function of 
voltage in the Simulink data-acquisition model to attain a flow signal in mL/min. 

Figure 1: polynomial fit on flow as a function of output voltage for the Omron Electronics mass 
air flow sensor.
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Calibration of a standard volume
Three syringes were used to calibrate a standard volume for further calibration of 
the flow sensor (10mL BD Emerald, 20mL BD Plastipak and 60mL BD Plastipak). 
These syringes were tested for gas-tightness by submerging them in water, 
increasing the pressure and checking for air bubble formation. Pure water at a 
temperature of 20°C (0.998203 g/mL) was drawn up until the maximum plunger 
distance (to assure most repeatable volume) in all syringes and weighed 10 times 
per syringe, using a calibrated Sartorius Entris 4202-1S Balance (4200 x 0.01 g). 
The maximum plunger volumes were calculated using the aforementioned density 
to be 11.97mL (95% CI: 11.92-12.03), 21.95mL (95% CI: 21.88-22.02) and 63.98mL 
(95% CI: 63.93-64.03) for the 10mL, 20mL and 60mL syringes, respectively. 

Second calibration 
A total of 10 injections were made with each of the calibrated syringes through 
the flow meter and the resulting flow data was integrated using a cumulative 
trapezoid function to get the cumulative volumes in Matlab. The mean calculated 
volumes were divided by the mean injected volumes for the three syringes. 
The average of these three calculations was added as an additional gain in the 
Simulink model, since the calculations slightly overestimated the actual injected 
value (additional gain in the Simulink data-acquisition model = 0.9852).

Validation measurements 
Injections were made with the previously calibrated volumes of 11.97mL. 
21.95mL and 63.98mL (10 each) through the flow meter. The volumes were 
determined using the same method as described under ‘second calibration’ and 
are plotted in Figure 2. As can be seen, the flow sensor has a high reproducibility. 
%Difference was calculated as (Calculated volume – average injected volume)/
(Average of calculated volume and injected volume), and was found to be within 
the accuracy limits provided by the sensor datasheet (accuracy ±3%).

Figure 2: Calibration results of the Omron flow sensor. 
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ii.	 Servo-I mechanical ventilator flow signal (SERV): 
To acquire the mechanical ventilator (SERVO-I®, Getinge, Gotenburg, Sweden) 
flow, the ServoTracker software (version 4.1, Maquet Critical Care) was 
used to generate an analog output (-5 to +5V, sample rate 200Hz), which 
was recorded into the analog input recorder application in Simulink (Matlab 
version R2020/2021a) using two input/output devices (NI USB-6229 and NI 
USB-6210). The gain was given by the ServoTracker software to be linear (g = 
600) to give a signal in mL/s. All inputs in the Simulink model were filtered (f = 
50Hz bandstop) and oversampled at 1000Hz. Calibration of the ventilator flow 
sensors was ensured by running the internal pre-check at start-up.  

iii.	 Proximal flow sensor (PROX): 
For the proximal flow sensor (model SFM3300-D, Sensirion, ±250 slm, accuracy 
±3%), the ControlCenter software (v1.31.1, Sensirion) was used, and sampled 
at 1000Hz. This flow sensor was checked for accurate flow measurements 
using a calibrated flow analyzer before the experiments (IMT Medical, PF300). 
For this, both devices were connected in series to a pressurized air source 
using a pressure regulator valve. The calibration results are shown in Table 1. 

Table 1: Calibration results of proximal flow sensor

PROX (SLM) IMT-Medical (l/min)* Difference 

2.5 2.5 0

5.1 5 -0.1

7.5 7.5 0

10.1 10 -0.1

15.1 15.1 0

20 20 0

29 29 0

30.2 30.2 0

*Measurement settings: air/standard temperature and pressure (STP). 
SLM: standard liter per minute. 

Furthermore, recordings were taken of the digital chest drain systems and the 
ventilator monitor: 

i.	 Mechanical ventilator monitor
Initially, values from the ventilator monitor were manually noted. Thereafter, 
in order to gather and process large amounts of breath-by-breath data from 
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the Servo-I ventilator interface, a custom optical character recognition (OCR) 
application was made using Matlab (R2021a). As shown in Figure 3, this app is 
used to establish webcam communications with Matlab. The name is entered by 
the user to allow for saving raw and processed data. The frequency box is used 
as input for the frequency of image acquisition in the OCR loop based on the 
ventilator respiratory rate and the measurements box determines how many 
respiratory cycles are acquired. In the back-end of this application, image data 
is acquired using the snapshot function from the connected webcam. During 
the first measurement, the user performs a manual image crop around the tidal 
volumes, which is automatically used for subsequent snapshots. The green 
pixel values are fed into the imbinarize function, and the binazired matrix is fed 
into the ocr function (preset for number recognition). The number outputs of 
the ocr function are displayed besides the binarized image data for the user to 
check for correctness (Figure 2 in main text). 

Figure 3: Screenshot from the custom optical character recognition application made using Matlab. 

ii.	 Digital chest drain
Three digital chest drainage systems (Thopaz®, Medela, Baar, Switzerland) 
were checked for adequate pressure regulation using the pressure 
measurements of the calibrated flow analyzer (IMT Medical, PF300), by 
connecting the drainage tubing to the pressure port of the flow analyzer.  
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Table 2: Calibration of the Thopaz drainage systems 

Set pressure Device 1 Device 2 Device 3 

-20 -19.5 to -21.4 -19.1 to -22 -19.5 to -20.3 

-15 -14.3 to -15.4 -14.7 to -15.5 -14.4 to -15.1

-10 -9.2 to -10.2 -9.5 to -10.5 -9.3 to -10.1

-5 -4.3 to -5.4 -4 to -5.4 -4.6 to -5.0 
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Supplement 2B – Statistical analysis

i.	 Linear regression using Matlab 
The “polyfit” function is used to generate a first degree polynomial fit (i.e. a 
linear fit). The y-residuals are calculated as “original data – fitted data”. The 
residual sum of squares (SSresid) is calculated as the sum over all the residuals 
squared. The total sum of squares (SStotal) is calculated by multiplying the 
variance of the original data by the number of observations minus one. R2 is 
calculated as 1-(SSresid/SStotal) (see information on https://nl.mathworks.com/
help/matlab/data_analysis/linear-regression.html). 

ii.	 Variable variance function using Matlab 
First, a Bland-Altman plot is constructed using the same formulas as in 
Graphpad Prism 9. %difference on the y-asis is calculated as (100*(“new 
method” – “standardized flow measurement”/average of methods)) and the 
average of the two methods is plotted on the x-axis. The “getpts” function is used 
to select intervals on which the local means and variances will be calculated. 
On all points in each interval, the middle index (x-axis) with corresponding 
mean, standard deviation and standard error and 95% confidence intervals 
are calculated. A third-degree polynomial fit is generated through these points 
(“polyfit” function) to estimate the limits of agreement. See Figure 4. 

Figure 4: Estimation of variable limits of agreement using a third-degree polynomial fit in a 
Bland-Altman plot by calculating local means and variances in selected intervals (black lines). 
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Supplement 2C: Computer simulations of air 
leak measurements 

Methods 
In order to improve understanding of the influence of measurement error, 
tidal volumes, AL size and measurement protocol on the accuracy of AL 
measurements using a ventilator, a mathematical model was created 
using Matlab (version R2021a). This model assumes that tidal volumes are 
measured using two separate sensors (inspiratory and expiratory), each 
sensor has its own measurement error with respect to measured tidal volume. 
The model inputs are (27 combinations total): the inspiratory tidal volume 
(TVi=200/400/600mL), the measurement error (error=2/5/8%) and the 
number of breaths over which the average AL is calculated (j=10/5/1). The AL 
size per breath is generated as a random number between 0 and 100mL for 
every iteration, which is used to calculate the expiratory tidal volume (TVe). 
With this, the simulated tidal volumes are sampled from a Gaussian distribution 
(draw n=j samples, 100.000 times per input setting) , where   
µ denotes the input tidal volume (TVi and TVe) and σ the standard deviation 
calculated as: . Then, the measured AL is calculated as the 
average of the difference between the sampled tidal volumes. Bland-Altman 
plots are generated from this data, by calculating the average of the input AL 
and simulated AL values, and the percent difference of the measurements 
as “(sampled data – input data)/average”. To estimate the 95% limits of 
agreement, local means and standard deviations are calculated in increments 
of 0.5mL, followed by a smoothing of the interpolated confidence bounds. 

Findings 
Modelling of AL measurements using a MV revealed a measurement threshold, 
below which AL cannot accurately be derived from the tidal volumes due to 
overlapping of the measurement errors of the separate sensors. This threshold 
could be reduced by measuring larger AL with respect to the TVi, by reducing 
the measurement errors or by averaging the AL over multiple breaths. Visually, 
a relevant improvement in measurement certainty is seen for 1 vs 5 breaths. 
This improvement is more subtle for 5 vs 10 breaths (Figure 5).
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Figure 5: Computer simulation results. The smoothed interpolated 95% limits of agreement 
generated from 100.000 simulated samples drawn from a Gaussian distribution per setting 
are shown.
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ABSTRACT

Sealants may provide a solution for pulmonary air leakage (PAL), but their 
clinical application is debatable. For sealant comparison, standardized 
animal models are lacking. This systematic review aims to assess 
methodology and quality of animal models for PAL and sealant evaluation. 
All animal models investigating lung sealing devices (e.g. staplers, glues, 
energy devices) to prevent or treat PAL were systematically retrieved from 
Embase, Pubmed and Web of science. Methodological study characteristics, 
risk of bias, reporting quality and publication bias were assessed. 71 studies  
were included (N=75 experiments, N=1659 animals). Six different species 
and 18 strains were described. 92% of experiments used healthy animals, 
disease models were only used in 6 studies. Lesions to produce PAL were 
heterogenous, and only 11 studies used a previously reported technique, 
encompassing N=5 unique lesions. Clinically relevant outcomes were used 
in the minority of studies (imaging 16%, air leak 10.7%, air leak duration 4%). 
Reporting quality was poor, but revealed an upward trend per decade. 
Overall, high risk of bias was present, and only 18.7% used a negative 
control group. All but one study without control groups claimed positive 
outcomes (95.8%), in contrast to 84.3% using positive or negative control 
groups, that also concluded equivocal, adverse or inconclusive outcomes. 
In conclusion, animal studies evaluating sealants for prevention of PAL are 
heterogenous and have a poor reporting quality. Using negative control 
groups, disease models, and quantifiable outcomes seem important to 
increase validity and relevance. Further research is needed to reach 
consensus for model development and standardization.
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Introduction

Pulmonary air leakage (PAL) remains an important cause of complications 
following pulmonary resection in modern thoracic surgery. Air leaks (AL) 
persisting for more than 5 days are generally considered to be prolonged 
(pPAL), and estimates are that 5.6-30% of patients are affected.(1) As a 
consequence of pPAL, post-operative complications (30% vs 18%) and 
mortality (OR 1.90, 95% CI 1.42, 2.55) are increased.(2-4) Hospital stay is 
extended four to eight days and patients are subject to more re-interventions 
and re-admissions.(5-9) As a result, complications associated with pPAL 
increase both hospital and societal costs.(8, 9) To mitigate the impact of pPAL, 
lung sealing devices (LDs) have been proposed for intraoperative use.

LDs are a heterogeneous group of devices and implants (e.g. staplers, glues, 
energy devices) to establish an aerostatic seal of the resected lung. A large 
number of LDs have been evaluated with positive results in animal studies.  
However, currently, only 42% of surgeons find the evidence compelling for 
routine use of LDs (with the exception of staplers).(10) To summarize the 
evidence based on several systematic reviews and meta-analysis, there appears 
to be a positive effect on PAL, but impact on clinically relevant outcomes such 
as complications and length-of-stay are debatable.(11-14) Furthermore, there is 
considerable doubt regarding cost-effectiveness.(15) Another important concern 
is the lack of clinical trials performing head-to-head comparisons of different 
LDs.(13) So, although there is some evidence for a number of LDs, none seems to 
work perfectly and the search for better solutions for pPAL continues, requiring 
a standardized and valid pre-clinical work-up.(10)

The discrepancy between positive results derived from animal studies and the 
debatable clinical benefits from LDs is noteworthy. In this regard, valid animal 
models are indispensable for direct comparison or novel product development 
purposes. However, the current literature of in-vivo studies investigating LDs is 
heterogenous and there are no widely accepted standards for research of pPAL 
in animal models.(16-21) This is in contrast to animal studies in different medical 
fields such as gastro-intestinal anastomosis.(22) This makes standardized pre-
clinical research into novel and existing LDs especially difficult. Considering that 
conduction of animal research with poor methodological quality (e.g. lack of 
randomization and blinding) or invalid model designs (e.g. healthy animals and 
lack of clinically relevant outcomes) may be one of the reasons for insufficient 
performance of LDs in clinical practice, further investigations are necessary.(23)
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Live animals are still required in this field of research due to the complex 
mechanisms involved, including foreign body reactions, coagulation cascades, 
local tissue homeostasis and pleural mechanisms in spontaneously breathing 
mammals, that cannot yet be replaced by animal-free models.(24-26) Due 
to the ethical and societal concerns associated with animal experiments, 
it is especially important to only perform research of the highest internal 
quality, in the best model with the highest external validity and in the most 
refined manner possible.(23) In order to identify and improve on the described 
methodological problems, animal systematic reviews are recommended in the 
translational research phase.(27)

The aim of this systematic review is to provide a comprehensive overview of 
the methodological characteristics of previous animal models used for the 
evaluation of LDs for the treatment of PAL, and provide recommendations for 
future research in this field. Furthermore, the risk of bias and quality of reporting 
will be assessed, providing a baseline for quality improvements in this field.

Methods

Search strategy
A systematic review study protocol was registered in the International Platform 
of Registered Systematic Review and Meta-analysis Protocols (INPLASY) under 
registration number 202270003. A search strategy with three components 
was devised to identify all animal studies describing the evaluation of LDs as a 
treatment of parenchymal PAL. In short, one component including terms related 
to pulmonary surgery and post-operative air leakage and a second component 
with terms related to LDs were combined using the animal studies search 
filter designed by Hooimans.(28) Key Mesh terms included: ‘Pulmonary surgical 
procedures’, ‘Pneumothorax’, ‘Respiratory tract fistula’, ‘Pneumonectomy’, 
‘Tissue adhesives’ and ‘Fibrin tissue adhesive’. This search strategy was deployed 
in Pubmed, EMBASE and Web of Science on 9-2021 (Supplement 3A). No 
language or publication date restrictions were applied to the literature search.

Identification of relevant articles
Citation information from each of the database searches was collected in Endnote 
(version 20), and duplicates were automatically removed. Title and abstract 
screening was then performed on the collected references in Endnote citation 
manager by one investigator (BH or JE), and in case of doubt the full-text was 
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retrieved for screening. Full-text retrieval was then done through 1) university 
access, 2) online searches and 3) help of our university library contacting 
national and international universities. Full-text screening of possible relevant 
studies was performed by consensus between two investigators (BH and SP/
JE). In case of non-English papers, the papers were translated using Google 
Translate for screening purposes. If this translation was insufficient, papers were 
screened with help of native speakers. Reference lists of included English studies 
were screened by one author (BH or JE) to identify potential additional relevant 
articles.  Inclusion criteria were 1) in-vivo study design in mammals, 2) model of 
parenchymal PAL (small bronchioles within lesions may be included), 3) sealing 
of the AL with a surgical LD and 4) assessing aerostatic efficacy of the LD. The 
following exclusion criteria were considered: 1) LD is only used to seal a large 
bronchus or trachea (such as large segmental or lobar bronchi), 2) LD is a non-
surgical intervention (such as bronchoscopy, pleurodesis, thoracic drainage) 
and 3) studies only evaluating the hemostatic or biocompatibility characteristics 
of the LD under investigation. Any article form other than a complete research 
paper (e.g. conference abstracts) were also excluded. All included non-English 
full texts were translated using Google Translate, and two Russian papers were 
translated by a native speaker. In case the translation quality was not enough 
to reliably perform data-extraction or risk of bias grading, data extraction and 
quality grading was performed by an academic native speaker (N=4 Japanese 
studies) and help of one researcher (BH).

Data extraction and quality assessment
In order to generate an overview of the methodologies used in all animal 
studies, a wide range of characteristics relating to the animal model (age, sex, 
strain, weight, disease model), air leak model (surgical characteristics, defect 
descriptions, baseline leak measurements), lung sealing and outcomes (acute 
sealing testing, histology, bursting pressure, air leak, imaging, macroscopy, 
adverse events) were extracted from each study. A complete overview is 
provided in the table in Supplement 3B.

For assessment of trends in reporting quality, a custom score was calculated 
(18 points max), that was derived from a similar score used by Yauw et. al. 
in their animal systematic review, designed for surgical animal studies.(29) 
We chose items that were most appropriate with regard to experimental 
investigations of lung sealants, and objectively reproducible when scoring 
(i.e. items do not require any form of reviewer judgement such as in risk of bias 
scoring). This score was partly based on items from the ARRIVE Guidelines 
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(strain, sex, age, weight, housing, anesthesia, analgesia post-operatively, 
antibiotic prophylaxis, sterility during surgery, ethical statement, data access 
statement, registration of protocol) and additional items added relevant to the 
study of lung sealants (type of incision to gain access to the lungs, location of 
defect right or left lung, location of defect lobe used, creation of the lesion on 
a static lung, application of the sealant on a static lung, defect dimensions).(29, 

30) The lung was considered static in case the area of interest was not being 
ventilated during relevant parts of the procedure (e.g. using a clamp, single-
lung ventilation, continuous positive airway pressure or ventilatory arrest). 
Each item was scored as ‘1’ if reported, and ‘0’ if not reported or not applicable. 
All variables were extracted by one author (BH), and completely checked for 
mistakes by a second author (SP). Data was only extracted from text and tables.

For study quality assessment, the SYRCLE Risk of bias tool (RoB) was used, 
which consists of bias assessment in six domains, specifically designed for use in 
animal systematic reviews. Items 1-8 on this tool were assessed using signaling 
questions, which were answered as ‘yes’, ‘no’ or ‘unclear’ (Supplement 3C). 
Thereafter, items were scored as ‘high’, ‘unclear’ or ‘low’ risk of bias.(31) In the 
specific case of poorly reported studies, often no mention is made regarding 
a signaling question, and we considered the subsequent ‘probable no’ answer 
similarly as ‘no’, generally leading to a high risk of bias grading. Furthermore, 
an additional six questions related to internal validity were formulated 
(randomization, blinding, power-calculation, use of positive and negative 
control groups and industry funding) and answered with ‘yes’, ‘no’ or ‘unclear’. 
Publication bias is qualitatively assessed based on authors conclusions 
regarding the LSD efficacy (positive, equivocal, adverse, inconclusive). 
Funnel plot analysis was not feasible in this regard due to high heterogeneity 
of interventions and outcomes and poor outcome reporting quality. All quality 
assessment was initially done by reaching consensus between two authors (BH 
and SP), except for the papers read by the Japanese native speaker (N=4).

Data analysis
All study characteristics were gathered and analyzed using IBM SPSS Statistics 
for Windows, Version 27.0 (Armonk, New York; IBM Corp). GraphPad Prism 
(version 9) was used for graphical presentation of data. Methods of animal 
models were assessed in a semi-quantitative analysis, describing model 
characteristics with descriptive statistics. Trends due to date of publishing were 
investigated using Pearson’s correlation. Due to a large heterogeneity between 
included studies, no meta-analysis or meta-regression was performed.
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Figure 1: Identification eligible of studies in databases and registries.

*No in-vivo study (such as post-mortem), biocompatibility model, no lung lesion, review article, 
clinical study, bronchus lesion
**Abstract or paper described so poorly that data extraction and risk of bias grading according 
to the set criteria was not feasible.
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Results

Description of included studies
A total of 71 papers (Supplement 3D) were included in this review, describing 
75 experiments (Figure 1). Three papers were identified by reference list 
screening, but were upon inspection also present in the original search and 
missed during screening. Only one paper was identified completely separate from 
the initial literature search and refence list screening. Two articles first appeared 
to meet the inclusion criteria, but were extracted due to very poor descriptions of 
methodology and results, making reliable data-extraction and risk of bias grading 
impossible. Study characteristics were extracted per experiment and risk of bias 
grading was performed per paper. Most experiments were performed after 1990, 
with 17 experiments dating from the 35 year period between 1955-1989 (Figure 2). 
A total of 1659 animals were used (mean: 23, SD: 29 per experiment, N=3 missing 
data) with a downward trend per decade (R: -0.140, p=0.241).

Figure 2: General study characteristics and animal models used. A) Study continent of 
origin grouped per decade. The dotted bar shows an estimate for this decade based on linear 
extrapolation. B) Animal model used grouped per decade.

Quality assessment
Study quality assessment is shown in Figure 3. The custom reporting quality 
score revealed an upward trend through the decades (R: 0.539, P<0.001). 
Items most frequently left unreported were registration of protocol (100%), 
data access (96%), housing details (89%), post-operative analgesia (89%), 
perioperative antibiotic prophylaxis (80%), sterile surgery (76%), description 
of static lung state during defect creation (75%), ethical approval statement 
(63%), description of static lung state during LD application (61%), anatomical 
location of lesion location (53%).
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Based on the SYRCLE RoB bias tool, no studies were considered low risk of bias, 
and in all domains the majority of studies were graded as high risk of bias (Figure 3, 
Supplement 3E). In the additional questions, it was noted that negative control 
groups were only used in 18.7% of studies. Regarding publication bias, all 
but one of studies without any control groups claimed positive outcomes, in 
contrast to  (15.7%) using either positive or negative control groups, that also 
concluded equivocal, adverse or inconclusive outcomes.

Figure 3: Study quality assessment. A) Risk of bias assessment, based on the SYRCLE risk of 
bias tool. B) Custom reporting quality score, revealing an upward trend per decade (R: 0.539, 
P<0.001). C) Additional risk of bias questions. D) Publication bias assessed by collecting authors 
conclusions, grouped by control groups used.

Animal models
Included experiments had the aim of showing either aerostatic efficacy (30.7%) 
or both aerostasis and biocompatibility (69.3%), In 24% of studies the animals 
were sacrificed immediately after surgery. Use of six different species was 
described (canine 36%, porcine 25.3%, rats 18.7%, rabbits 13.3%, ovine 5.3% 
and mice 1.3%). Strain was further defined in 68% of studies, revealing a 
heterogenous pool of animal models (N=18). Of these, most used were Beagle 
dogs (23.5%), New-Zealand white rabbits (15.7%), Wistar rats (13.7%) and 
Mongrel dogs (11.8%). Sex, weight and age were described in 48.7%, 39.7% 
and 74.4% respectively. Both sexes were only used in 11.1% of studies that 
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specified sex, and animals used were frequently relatively young (64.7% 
<1 years). Mainly healthy animals were used (92%), and disease models used 
comprised athymic rats (N=3), coagulopathy (N=2) and emphysema (N=1).(32-36)

Figure 4: Pulmonary defect models used. A) Surgical technique and lung used. B) Defect type 
used, grouped by the description of static lung state during defect induction. C) Precise 
anatomical defect location used. D) Defect depth, grouped by presence or absence of a complete 
description of defect dimensions. *Defect depth not applicable (e.g. wedge resection or only 
removal of pleura).

Air leak models
The surgical approach for defect creation consisted of a thoracotomy (82.7%) in 
most cases, and the left lung (40%) was used more frequently than the right lung 
(32%).The precise anatomical location of the lung defect was reported in 46.5% 
of experiments. If described, a heterogenous division of locations was seen 
(Figure 4), with a median number of defects of 1 per animal (IQR: 1, range: 14). 
The defect models used were even more heterogenous, with only N=5 defects 
being used in more than 1  experiments (combined N=11 experiments). Exact 
defect dimensions were described in 68% of experiments, and these lesions 
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were made at a varying depth (see Figure 4). However, only 25.3% of authors 
describe the creation of lesions on a static lung, for example with a clamp 
applied to the lung parenchyma or at a static ventilatory pressure, making this 
actual number of lesions that can accurately be reproduced, lower.

At baseline, hemostatic measures other than the applied lung sealant were 
described in 20%. With respect to potential confounding factors, assessment 
of baseline air leak was described infrequently: 40% of studies included some 
descriptive indication of baseline air leak (e.g. ‘Leaking of blood and air were 
confirmed’ or ‘Air leak confirmed by bubble formation’) and formal methods with 
quantifiable outcome measures were used in 15 (20%) studies.(35, 37) Quantifiable 
measures included a water submersion test with visual grading, bursting 
pressure/minimal leaking pressure or actual air leak amount (Figure 5).(17, 38-41)

Figure 5: Baseline defect and sealing characteristics. A) Hemostasis techniques used. B) Lung 
sealant type applied, grouped based on the description of static lung state during sealant 
application. C) Baseline air leak measurements performed. D) Acute lung sealing tests performed.
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Lung sealing and outcomes
A wide range of LDs has been evaluated in animal experiments, which 
are grouped according to application category in Figure 5. Regarding 
methodology, 38.7% describe application on a static lung. In 50.7% of 
experiments an acute sealing test directly after application was performed, 
either by water submersion testing or application of a threshold ventilatory 
pressure (max 45cmH2O). Remarkably, one paper describes pressure 
resistance of up to 350-400cmH2O, which seems unlikely for the canine 
lungs to have withstood.(42) LDs were evaluated using only positive pressure 
ventilation in 22.7% of experiments, and using both mechanical ventilation 
and physiological breathing in 74.7% of experiments. The most evaluated late 
outcomes included were histology (77.3%), adverse events (62.7%, such as a 
post-operative pneumothorax, infections or death), macroscopic observations 
(52%) and bursting pressures (42.7%). Late evaluation was usually performed 
at a median follow-up of 30 days (IQR: 46 days). A clinically relevant outcome 
including pneumothorax detection with imaging (16%), air leak (10.7%) and 
air leak duration (4%) was measured in a small proportion of experiments.

Discussion

For the purpose of evaluating LDs as a treatment for PAL, no standardized animal 
model has been described to date. This is supported by this systematic review 
revealing high heterogeneity regarding methodological characteristics and 
outcome measures between all previous animal studies. High risk of bias and poor 
reporting quality complicate further standardization of models. Translatability of 
results may be further impaired by lack of quantifiable measures of PAL and lack 
of disease models in the previous animal studies. As such, including a negative 
control group will help to increase study validity, by assessing the natural healing 
course of a lesion. Confirming that a lesion results in PAL and not immediate 
closure from intrinsic healing will help reduce publication bias.

Interpretation and comparison to literature
To the best of our knowledge, this is the first systematic review of literature 
performed on the use of LDs for treatment of PAL in preclinical animal studies. 
Nevertheless, the methodological shortcomings illustrated by this systematic 
review are a common finding in other preclinical systematic reviews, including 
lack of randomization, allocation concealment, blinding, low reporting quality 
and the presence of a publication bias.(27, 29) Another common problem is 
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heterogeneity due to lack of standardized protocols, as was also illustrated in 
the preclinical systematic review on intestinal anastomosis.(29) Reducing this 
heterogeneity can allow for better meta-analysis and investigation of external 
validity by comparison of pooled preclinical findings to clinical data.(29) A 
recent review article by van der Worp and coworkers described common 
causes of reduced external validity to be due to insufficient use of disease 
models, use of a homogenous group of animals, using only male or female 
animals, insufficient similarity between clinical and experimental disease 
and difference in outcome measures.(23) All these factors were also identified 
to lack in the included animal studies. From this perspective, systematic 
appraisal of preclinical literature can be beneficial, allowing for rationalized 
recommendations for future research, as will be further discussed.(27)

The current preclinical literature does not provide sufficient evidence to conclude 
standards for making a lesion that results in relevant and persistent PAL. While 
many different lesions have been investigated, appraisal of their validity is 
impossible due to lack of negative control groups or quantifiable outcome 
measures. Moreover, there is evidence that healthy animal lungs may possess 
strong intrinsic healing mechanisms that can provide fast sealing of relative large 
lung lesions. For example, removal of the entire parietal pleural surface at 3mm 
depth in the healthy dogs was not associated with air leak complications.(43) Another 
study performed segmental resections with a negative control group, leaving 
the raw parenchymal area of 9-15cm2 untreated.(44) No air leak complications 
were seen due to this negative control lesion, making interpretation of aerostatic 
efficacy of evaluated treatments impossible.(44) Yet another study with especially 
large square defects (9x9x0.5cm) in healthy dogs illustrated intrinsic healing in 
4/8 negative control animals within 24 hours, the same proportion as in the fibrin 
glue treated group.(17) In our own work with healthy sheep, we have observed 
similar rapid intrinsic healing of parenchymal lesions (unpublished data).

Considering these intrinsic healing mechanisms, a valid model that results 
in relevant and persistent PAL is required. In the absence of standardized 
validated models, a negative control group should be included to confirm the 
presence of PAL when left untreated. For standardized model development, the 
current literature offers several leads. Several studies have shown that non-
anatomical partial resections of the lung are associated with air leaks and air 
leak complications in healthy animals.(38, 45, 46) The leakage capabilities of such 
lesions are potentially related to the laceration of bronchioli. In the study by 
Ranger and colleagues, bronchioli of 1.5-3.0mm diameter were intentionally 
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included, observing significant air leaks over the 24 hour observation period in 
the negative control group.(38)

Secondly, from a clinical perspective, a disease model to increase the odds for 
pPAL could be considered. The healthy animals used in most pre-clinical studies 
differ from the diseased patients which are at risk of pPAL. In clinical practice, 
patients undergoing pulmonary resections, especially those at risk for pPAL, 
are often older, have a history of smoking and chronic obstructive pulmonary 
disease, take medications (anticoagulation, antiplatelets, steroids) and might 
have had chemo- and radiotherapy prior to surgery.(1, 47-49) In contrast, laboratory 
animals are often younger, healthy and have no prior history of disease. Disease 
models impairing immune function, lung quality or coagulation mechanisms 
were only used in a minority of studies.(32, 35, 36) This difference might impact the 
healing course of lung lacerations and modify LD results accordingly.

A promising disease model might be the emphysema model. Gika et. al. reported 
inferior bursting pressure results for all LDs under investigation applied in 
their emphysema model compared to the healthy animal model.(36) A drawback 
of this model is that the induction of emphysema by bronchoscopic elastase 
instillation is difficult to standardize.(36) Balakrishnan described a disease 
model that is easy to standardize, based on heparinization.(35) Such a model 
might reduce intrinsic healing mechanisms, but no negative control group or 
quantifiable outcomes were used to confirm that this method enhances risk of 
PAL.(35) In conclusion, the use of disease models seems promising, however it 
could come at a cost of less standardization, more complexity of the study, and 
reduced animal welfare. Use of disease models should be ethically weighed in 
the light of the aforementioned uncertainties and experimental aims.

Considering further standardization of animal models, reproducible lesions 
should be ensured across animal experiments, and the precise method of 
induction and lung expansion state should be specified. The lung changes 
throughout the respiratory cycle with a volumetric strain of 20-50%.(50) 
Therefore, a lung defect should be created on a set inflation state for valid 
and reproducible results (e.g. empty lung or 10cmH2O positive pressure). 
Furthermore, when creating multiple lesions, the influence of anatomical 
location on PAL should also be considered. For instance, a clinical association 
has been described between upper lobectomies and occurrence of PAL in 
humans.(49, 51) Mechanistically, this could possibly be explained by the effects of 
gravity on the intrapleural pressure gradient, which has a different orientation 
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in quadrupedal animals.(52, 53) The influence of species effects on PAL from a 
lung lesion and intrinsic healing in animal models is currently unknown.

Recommendations for future research
Because of the lack of standardized preclinical models known to reliably 
result in PAL, the inclusion of negative control groups is needed to confirm 
model validity. Ultimately, PAL findings need to be studied across varying 
lesions, species, anatomical locations and disease models and systematically 
compared to clinical data to determine the preclinical model with the highest 
external validity. Previous literature indicates that parenchymal lesions in 
healthy animal might seal intrinsically, whereas lesions with bronchioli are 
capable of PAL, but this should be further investigated.(17, 38, 43) When creating 
lesions, the precise conditions (e.g. lung inflation state, dimensions, location) 
should be documented to allow for standardization. Finally, specific disease 
models such as pulmonary emphysema or coagulopathy might be used to 
enhance translational value.(35, 36)

Air leakage should be objectively quantified, both as a baseline confounder 
and outcome parameter and an air leak should be of adequate size, at least 
comparable to clinical cases where a lung sealant might be indicated for use. 
Recent consensus guidelines advice to classify air leaks as mild (<100mL/min), 
moderate (100-400mL/min) and severe (>400mL/min).(54) In other studies, 
intraoperative PAL >500mL/min or >9.5% of the inspiratory tidal volume have 
been found to be predictive of pPAL.(55, 56) Similar classification might also 
apply to larger animals, such as sheep and pigs. Classifications of air leakage 
that are specified or validated for animal species are not available and should 
further be developed.

Risk of bias can be mitigated by use of randomization, allocation concealment and 
use of negative control groups. Studies should also be sufficiently powered to 
detect meaningful outcomes. Although increasing the power of an animal model 
initially might seem to increase the number of animals needed, it will eventually 
reduce the amount of animal needed by lowering the need to perform duplicate 
models.(57) To further improve the methodologies of animal experiments, 
Delphi consensus guidelines made by an international board of experts 
could be used to standardize models and improve translational value.(22, 29) 
To improve internal validity, researchers are encouraged to use the ARRIVE 
guidelines when designing and publishing animal experiments (see Table 1 for 
summary of recommendations).(30)
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Table 1: Summary of recommendations for future research

Topic Author recommendations Knowledge gap

Animal 
model

•	 Consider large animals for aerostatic 
efficacy testing (similar biomechanics)

•	 Species-specific intrinsic 
pulmonary healing differences

•	 Bipedal versus quadrupedal 
and anatomical location effect-
modification

Disease 
model

•	 Develop disease model that enhances 
pulmonary air leak and reduces intrinsic 
healing

•	 Validity of heparinized disease 
model(35)

•	 Validity of emphysema disease 
model(36)

Air leak 
model

•	 Create lesions on static lung with defined 
pressure conditions

•	 Consider large lesions in healthy animals 
(extended parenchymal or inclusion of 
bronchioles 1.5-3.0mm)(17, 38)

•	 Aim for air leak >400-500mL/min (large 
animals) or >9.5% of tidal volume(54-56)

•	 Dose-response relationship 
between different lesion 
types/sizes on air leak (study 
inter- and intraspecies)

•	 Translation factor of animal 
versus clinically relevant air 
leaks

Outcome 
measures

•	 Ensure baseline measurements (lesion 
size, air leak, bronchioles, coagulation 
times) to control between groups

•	 Consider similar outcome measures to 
clinical practice (air leak size and duration, 
time until drain removal)

•	 Translational value of animal 
outcome measure to clinical 
practice

Reduction & 
Refinement

•	 Consider multiple lesions per lung (large 
animals) to increase power (e.g. animals 
as own control) and calculate required 
sample size beforehand

•	 Use multimodal analgesia principles from 
clinical thoracic surgical practice

•	 Use transcostal sutures to reduce post-
operative pain(58)

•	 Mutual influence with multiple 
lesions per lung (e.g. through 
pneumothorax, empyema)

Risk of bias •	 Use negative controls to adjust for intrinsic 
healing effects

•	 Use randomization and blinding principles
•	 Adhere to ARRIVE guidelines(30)

•	 Gather panel of experts 
to specify and improve 
recommendations

Limitations
Because of the high number of studies lacking a control group and quantifiable 
outcome measures, publication bias is difficult to assess, and standard 
techniques such a funnel plots were insufficient. Therefore, an analysis of 
author conclusions was performed as a surrogate outcome for publication 
bias.(29) This analysis showed that publication bias is likely, as the majority of 
studies reported positive conclusions.
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To ensure a valid assessment of risk of bias, this was performed by two 
investigators independently, after which consensus was reached. Our 
assessment may be a conservative estimation of the overall study quality 
and not fully represent the true risk of bias, because there was also a low 
reporting quality in most studies. Cases were a specific aspect of study design 
was not reported, were generally treated as high risk of bias (e.g. no mention 
of randomization), but some uncertainty remains whether the experiments 
were actually highly biased or poorly reported.(59) Either way, problems with 
poor reporting or risk of bias are evident in the current body of literature, 
posing ethical concerns when using laboratory animals and contributing to 
research waste and poor reproducibility. However, due to the underestimation 
of the quality of evidence, the results should thus be interpreted with 
appropriate caution.

The custom reporting quality scoring has two associated limitations. First of 
all, not applicable items were not accounted for in overall scoring (e.g. sterility 
or antibiotic prophylaxis in short terminal experiments), which might lead to 
an underestimation of the reporting quality. Secondly, no complete scoring 
of all items on the ARRIVE guidelines was performed, which may have further 
increased the relevance of the reporting quality scoring in the context of 
animal studies.

Conclusions

This systematic review underlines the methodological gaps in previous 
studies investigating LDs for the problem of PAL. Overall, lack of standardized 
methodology and a high risk of bias is a problem for translating results to 
clinical practice. Low reporting quality further complicates the reproduction 
of experiments. Despite the limitations of a systematic review to generate 
conclusive evidence for the best animal model, using negative control groups, 
disease models, and quantifiable outcomes seem important to increase validity 
and clinical relevance of results. Improvement in animal models are necessary 
from a scientific, ethical and societal perspective, and we recommend 
formation of an international panel of experts to further specify guidelines for 
this field of research.
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Chapter 3 Supplemental material

Supplements B, D and E are not shown in this thesis and can be accessed 
online (https://doi.org/10.1177/00236772231164873)

Supplement 3A - Database entries

PUBMED: All fields, no restrictions
((Pulmon*[tw] OR Lung*[tw] OR Lobectom*[tw] OR Pneumectom*[tw] 
OR Segmentectom*[tw] OR Pleur*[tw] OR "Lung resect*"[tw] OR 
"Pulmonary surgical procedures"[Mesh] OR "Air Leak*"[tw] OR PAL[tw] 
OR "Pneumothorax"[Mesh] OR "Alveolar-pleural fist*"[tw] OR "Bronchial 
Fistula"[Mesh] OR "Pleural Diseases"[Mesh] OR "Subcutaneous 
Emphysema"[Mesh:NoExp] OR "Lung Diseases"[Mesh] OR "Lung"[Mesh] 
OR "Respiratory Tract Fistula"[Mesh:NoExp] OR Pneumothorax[tw] 
OR "Bronchial Fistula*"[tw] OR bronch*[tiab] OR alveol*[tiab] 
OR "Pneumonectomy"[Mesh]))

AND

((aerostatic*[tw] OR adhesiv*[tw] OR seal*[tw] OR glue*[tw] OR 
bioglue*[tiab] OR spray*[tiab] OR patch[tiab] OR sheet*[tiab] OR "Tissue 
Adhesives"[Mesh] OR "Tissue Adhesives" [Pharmacological Action] OR 
"Fibrin Tissue Adhesive"[Mesh] OR Mesh[tiab] OR buttressing*[tiab] 
OR Hydrogel*[tiab]))

AND

Animal studies filter(1)

WEB OF SCIENCE: All fields, no restrictions, Web of Science 
core collection
ALL=(Pulmon* OR Lobectom* OR Pneumectom* OR segmentectom* OR "Lung 
resect*" OR "Pulmonary surg*" OR "Pulmonary alveolar air leak" OR "Air leak" 
OR "Pneumothorax" OR "Bronchial fistula" OR “Alveolar-pleural fist*” OR 
“Lung NEAR/1 surg*” OR Lung*) AND ALL=(aerostatic* OR adhesiv* OR seal* 
OR glue* OR "surgical adhesive" OR bioglue OR spray* OR patch OR sheet* 
OR Mesh OR "fibrin patch" OR sealant OR "sealing device" OR buttressing OR 
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hydrogel* OR "tissue adhesive" OR “fibrin tissue adhesive”) AND ALL=("Animal 
experiment" OR "Animal model" OR "in-vivo" OR "experimental setup" OR "ex-
vivo" OR "animal NEAR/1 experimentation" OR vertebrate OR mammal OR 
porcine OR pig OR ovine OR sheep OR canine OR dog OR hog OR rabbit OR rat 
OR mouse)

EMBASE: All fields, no restrictions
 ((Pulmon* or Lung* or Lobectom* or Pneumectom* or Segmentectom* or 
Pleur* or Lung resect* or Air Leak* or Alveolar pleural fist* or Pneumothorax 
or Bronchial fistula).mp. or (bronch* or alveol*).ti,ab,kw. or "lung surgery"/ 
or "lung resection"/ or "lung lobectomy"/ or exp "artificial pneumothorax"/ or 
exp "pneumothorax"/ or "bronchus fistula"/ or "respiratory tract fistula"/ or 
"pleura disease"/ or "lung emphysema"/ or "respiratory tract fistula"/)

AND

((aerostatic* or adhesiv* or seal* or glue* or surgical adhesive*).mp. or 
(bioglue* or spray* or patch or sheet* or Mesh or buttressing* or Hydrogel*).
ti,ab,kw. or exp "tissue adhesive"/ or exp "fibrin"/ or exp "fibrin glue"/ or 
exp "sealant"/)

AND

Animal studies filter(1)
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Supplement 3C - Risk of bias tool

Nr. Review authors judgment Answer 
question

Risk of 
bias

Motivation

1 Was the allocation sequence adequately 
generated and applied?

2 Were the groups similar at baseline or 
were they adjusted for confounders in the 
analysis?

3 Was the allocation adequately concealed?

4 Were the animals randomly housed during 
the experiment?

5 Were the caregivers and /or investigators 
blinded from knowledge which intervention 
each animal received during the 
experiment?

6 Were animals selected at random for 
outcome assessment?

7 Was the outcome assessor blinded?

8 Were incomplete outcome data adequately 
addressed?
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ABSTRACT

Background: Sealants are used to prevent prolonged pulmonary air leakage 
after lung resections (incidence 5.6-30%). However, clinical evidence to 
support sealant use is insufficient, with an unmet need for a more effective 
product. We compared a novel gelatin patch impregnated with functionalized 
polyoxazolines (NHS-POx) (GATT-Patch) to commercially available 
sealant products.

Methods: GATT-Patch Single/Double layers were compared to Progel®, 
Coseal®, Hemopatch® and TachoSil® in an ex-vivo porcine lung model (first 
experiment). Based on these results, a second head-to-head comparison 
between GATT-Patch Single and Hemopatch® was performed. Air leakage 
(AL) was assessed in three settings using increasing ventilatory pressures 
(max=70cmH2O): 1. baseline, 2. with 25x25mm superficial pleural defect, and 3. 
after sealant application. Lungs floating on saline (37°C) were video recorded 
for visual AL assessment. Pressure and tidal volumes were collected from the 
ventilator, and bursting pressure (BP), AL and AL-reduction were determined.

Results: Per sealant 10 measurements were performed (both experiments). In 
the first experiment, BP was superior for GATT-Patch Double (60±24cmH2O) 
compared to TachoSil® (30±11cmH2O, P<0.001), Hemopatch® (33±6cmH2O, 
P=0.006), Coseal® (25±13cmH2O, P=0.001) and Progel® (33±11cmH2O, 
P=0.005). AL-reduction was superior for GATT-Patch Double (100±1%) 
compared to Hemopatch® (46±50%, P=0.010) and TachoSil® (31±29%, 
P<0.001), and also for GATT-Patch Single (100±14%, P=0.004) and Progel 
(89±40%, P=0.027) compared to TachoSil®. In the second experiment, GATT-
Patch Single was superior regarding BP (45±10 vs 40±6cmH2O, P=0.043) and 
AL-reduction (100±11 vs 68±40%, P=0.043) when  compared to Hemopatch®.

Conclusions: The novel NHS-POx patch shows promise as a lung sealant, 
demonstrating elevated BP, good adhesive strength and a superior AL-reduction.
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Introduction

Pulmonary air leakage (PAL) is an important concern for patients undergoing 
pulmonary resections. Prolonged PAL (pPAL), defined as PAL lasting longer 
than five days, affects 5.6-30% of patients.(1) pPAL is the main reason for 
delayed chest tube removal, prolonged hospital stay and readmissions(2-4), 
while resulting in more complications including empyema(5), pneumonia(6,7) 
and mortality.(8) Furthermore, 4.8% of patients with pPAL require additional 
interventions (extra chest tubes, bronchoscopy and reoperation).(6) In an 
attempt to prevent these postoperative consequences, various sealants have 
been developed for intraoperative use.(9)

There is a broad variation in surgical management of air leaks. A recent 
study found significant between-hospital variation for pPAL incidence in the 
Netherlands (2.6-19.3% adjusted for case-mix), and also important variation 
regarding intraoperative PAL management, including sealant use.(10) Available 
evidence supporting intraoperative sealant use in this setting is controversial 
at best, highlighted by a recent survey in which only 42% of surgeons believed 
enough evidence exists to support their sealant use.(11) This is in line with a 
Cochrane review on this subject published in 2010(12), that does not recommend 
the routine use of sealants due to unclear benefits, for example on length 
of hospital stay. However, this study pooled multiple products with varying 
modes of action into one analysis, but head-to-head comparisons between 
sealants are scarce.(12,13) Considering some sealants might be more effective 
than others(14), a comparison of existing and novel products is warranted, to 
further substantiate sealant selection and use in current surgical practice. 
Furthermore, there is an unmet need for a single-component and more 
effective surgical sealant capable of sealing PAL in wet and dynamic biological 
environments, as stated by Brunelli.(11)

To this end a novel patch based on porcine derived gelatin impregnated with 
synthetic polymers, may hold promise as a lung sealant. The gelatin-based 
patch contains poly(2-oxazolines) functionalized with N-hydroxysuccimide 
ester (NHS-POx) and nucleophilically activated polyoxazoline (NU-POx)  
(GATT Technologies BV, Nijmegen, The Netherlands).(15-18) After wet tissue 
contact, the reactive NHS side-chains will form covalent bonds with amines 
present on tissues, blood, NU-POx and the gelatin carrier itself. The polymers 
are further functionalized using hydroxyl groups for increased hydrophilicity 
to ensure adequate blood and water uptake, acting synergistically with 
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coagulation mechanisms. This results in a strongly adhesive and cohesive 
polyoxazoline hydrogel with good sealing properties. Positive results have 
been obtained for hemostatic applications in-vivo(15,17,18) and clinical trials are 
currently being performed to assess hemostatic efficacy on liver bleeding 
(ClinicalTrials.gov Identifier: NCT04819945 and NCT05385952).

In this study, we aim to investigate the aerostatic properties of this novel 
NHS-POx based patch in an ex-vivo porcine lung model compared to other 
commonly used lung sealants, by measuring bursting pressure (BP), air leak 
(AL) reduction and conformability to the lung surface.

While the ARRIVE reporting checklist is designed to improve the reporting of 
in-vivo studies, we decide to follow the ARRIVE 2.0 reporting checklist in this 
ex-vivo study considering many applicable items for better reporting in the 
study design, statistical analysis and results.

Methods

Study setup
We performed an ex-vivo study in a dynamic porcine lung model. First, a 
multigroup comparison was undertaken evaluating the novel patch applied in 
two ways (GATT-Patch Single and GATT-Patch Double) compared to Progel® 
(C. R. Bard, Inc., Murray Hill, New Jersey), Coseal® (Baxter International 
Inc., Deerfield, Illinois), Hemopatch® (Baxter International Inc., Deerfield, 
Illinois), and TachoSil® (Takeda Pharmaceutical Company Limited, Tokyo, 
Japan). Sample size (N=10 per group) was chosen based on previous 
reported experiments.(14) GATT-Patch Single/Double and Hemopatch® groups 
were randomized (Microsoft Excel, Aselect function) and blinded to the 
allocated group until the sealant was handed to the researcher, to mitigate 
unconscious influences on lesion creation. All GATT-Patches were provided 
by the manufacturer to the researchers, and all control products were 
commercially ordered.

Secondly, following this multigroup comparison, we performed a randomized 
head-to-head comparison of the novel GATT-Patch Single compared to the best 
product with the same mode of application (Hemopatch®). This experiment was 
undertaken in a similar randomized and blinded fashion after a formal sample 
size calculation (power=0.8, two-sided alpha=0.05, N=10 per group).
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Porcine lung model
No live animals were involved in experimental procedures, and all 
experiments were performed on ex-vivo porcine lung tissue obtained from a 
slaughterhouse. Lungs from domestic pigs, used for human consumption and 
weighing between 90-100kg, were excised in the slaughterhouse, and put 
on ice as soon as possible for transport. All excess tissue was removed and 
sutures were used to prevent blood leaking in the setup. Caudal lobes were 
suctioned and selectively intubated (6.0mm endo-tracheal tube). Lungs were 
inflated manually, followed by clamping of the tube. Airtightness was ensured 
before use. Lobes with poor compliance or persistent atelectasis (as visually 
assessed) were rejected. Rewarming of the included porcine lungs was started 
approximately fifteen minutes before measurements.

Figure 1: Overview of ex-vivo porcine lung model. A) Standardized pleural defect (25x25mm), 
made at static lung inflation pressure of 10cmH2O. B) Experimental setup C) Schematic of 
experimental setup.

DAQ: data-acquisition setup; Servo-i: mechanical ventilator; C: camera; HD: high definition;  
NaCl: physiological saline solution; HC: heater-cooler; HE:  heat-exchanger; CP: centrifugal pump.
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Specimens were examined in a clear container containing 10L 0.9% saline 
(NaCl) kept at 37ºC. A camera positioned under the container and a ruler 
positioned at water level were used to record PAL and surface area expansion 
(SAE) (Figure 1 and Video 1). Airway pressures were recorded from the 
mechanical ventilator (Supplement 4A), and synchronized to the video data by 
pressing on the lung (visible on both datafiles). Tidal volumes were noted from 
the mechanical ventilator at the end of each measurement cycle to calculate AL.

Study protocol and outcome measures
Study outcomes were collected during three separate measurement cycles: 
(1) before and (2) after creating a standardized superficial pleural lesion, and 
(3) after sealant application. All study outcomes and definitions are presented 
in Table 1. To ensure standardized study measurements, porcine lung specimen 
were ventilated under increasing pressures with pressure control ventilation 
(initial settings: respiratory rate 12/min, inspiratory:expiratory ratio 1:2, 
positive end-expiratory pressure [PEEP] 5cmH2O and pressure above PEEP 
5cmH2O). Each measurement cycle, the plateau ventilatory pressure (Pplat) 
was re-started at the initial settings and increased with 5cmH2O every 90 
seconds. Pressure was increased until a maximum of 40cmH2O for cycles 
(1) and (2) and 70cmH2O or upon reaching of grade III leakage (Table 1, 
Macchiarini scale(19)) during cycle (3). These measurement cycles were 
conducted as follows:

(1) Baseline SAE measurements were performed after marking a 5x5cm area 
at static lung inflation of 5cmH2O PEEP on a dorsal non-atelectatic segment of 
the caudal lobe and measuring ‘Baseline SAE’, ‘Lung compliance’ and ‘Baseline 
AL’. The SAE is defined as the percentual increase of this previously marked 
area at 40cmH2O with respect to 5cmH2O as a measure for lung surface 
expandability (see Figure 1B);

(2) Defect AL measurements were performed after creating a standardized 
superficial pleural lesion (2.5x2.5cm, Figure 1A) using a sanding wheel (Dremel 
Lite 7760) and tweezers/scissors at static lung inflation of 10cmH2O PEEP. The 
lesion was made at the minimum depth required to remove the superficial pleura 
and expose the underlying parenchyma. Measurements included ‘Baseline 
leaking pressures’ (using the Macchiarini scale(19)) and ‘Defect AL’; 

(3) BP measurements were performed after sealant application, applying all 
patches at 5cmH2O PEEP static lung inflation and gels on a deflated lung. (Table 2)  
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In case of atelectasis following sealant application, 15-25cmH2O PEEP was 
administered for 5-10s. Measurements included ‘BP’, ‘AL-reduction’, ‘Mode of 
failure’ and ‘expansion area change (EAC)’. BP was defined as the pressure 
setting at which the first bubbles were visible (i.e. grade I AL), and for values 
higher than 70cmH2O, 75cmH2O was noted as an off-scale value. EAC is the 
measure of sealant conformability to the lung, defined as the proportion SAE 
post sealant application with respect to SAE pre sealant application (Table 1).

Table 1: Data collection and processing

Variable Definition

Measurement cycle 1: Baseline SAE

Baseline SAE Surface area at 40cmH2O/Surface area at 5cmH2O (ImageJ, 
version 1.53a, Wayne Rasband)

Baseline AL Calculated at  Pplat=40cmH2O, as “12x(TVi-‘expiratory tidal 
volume’) (read from the mechanical ventilator user interface)
AL measured during ‘Baseline SAE’ measurements was 
subtracted from ‘Defect AL’ and ‘BP measurements’ to correct 
for circuit leakage and bias flow.

Lung compliance TVi at 40cmH2O/35

Ischemic time Time from arrival at laboratory until start of experiments.

Measurement cycle 2: Defect AL

Baseline leaking pressures Macchiarini scale (grades: I=countable bubbles, II=stream 
of bubbles, III=coalesced bubbles)(16), assessed by two 
investigators.

Defect AL See ‘Baseline AL’

Surface and water temperature Measured before sealant application

Measurement cycle 3: BP measurements

Sealed leaking pressures See ‘Baseline leaking pressures’
BP = pressure at which first AL occurred (grade I).

AL-reduction BP measurements AL: see ‘Baseline AL’
100%x((Defect AL–BP measurements AL)/Defect AL), 
capped at 0 and 100% (calculated at Pplat=40cmH2O). 
Always noted as 100% if BP>40cmH2O.

EAC Sealed SAE: see ‘Baseline SAE’
EAC = Sealed SAE/Baseline SAE
EAC=100% indicates perfect conformability of the sealant 
to lung expansion, EAC <100% indicates reduced SAE after 
sealant application compared to baseline (Supplement 4A).

Mode of failure Adhesive failure (leakage between sealant and lung; Figure 
3D)
Cohesive failure (leakage through the sealant; Figure 3F).

SAE: surface area expansion; AL: air leak; Pplat: plateau ventilatory pressure; TVi: inspiratory 
tidal volume; BP: bursting pressure; EAC: expansion area change.
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Recorded video data was used for independent assessment of leaking 
pressures and BP by two investigators, noting the timepoints when different 
leaking grades occurred in the videos (Table 1), followed by reaching 
consensus and synchronization of the corresponding pressure values. 
Assessors were blinded to the assigned group for the baseline videos, but not 
for the sealed samples due to obvious differences in product appearance.

Table 2: Modes of application

Sealant Application

TachoSil® (4.8x4.8cm) Saline gauzes: 3 minute compression

Hemopatch® (4.5x4.5cm) SBB lung priming
Dry gauzes: 2 minute compression

GATT-patch Single (5x5cm) SBB lung priming
Diluted SBB gauzes: 2 minutes compression + 
60mL diluted SBB irrigation

GATT-patch Double (5x5cm) SBB lung priming, apply first patch
Apply second patch perpendicularly with 60 mL 
SBB irrigation between patches
Saline gauzes: 2 minutes compression + 60mL 
saline irrigation

Coseal® (2mL) Spray marked area, dry 60 seconds

Progel® (2mL) Spray marked area, dry 120 seconds

SBB: sodium-bicarbonate buffer (pH 8.3-8.5); Diluted SBB: SBB with saline (1:2)

Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics for Windows, 
Version 26.0 (Armonk, New York; IBM Corp). Kolmogorov-Smirnov test 
was used for assessment of data distribution. Non-normally distributed 
data and normally distributed data were presented as median±interquartile 
range (IQR) or mean±standard deviation (SD) respectively. For the first 
experiment, Kruskal-Wallis test (non-parametric) or analysis of variance 
(parametric) were used. Bonferroni correction was used during post-hoc 
analysis (pairwise). For the second experiment, Mann-Whitney-U test (non-
parametric) or independent samples T-test (parametric) were used. Fischer’s 
exact test was used for categorical data. Missing data was analyzed by 
pairwise exclusion. Tests were performed two-tailed and the null-hypothesis 
was rejected if P<0.05.
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Results

First experiment
We performed 60 measurements on 60 lungs, 10 for each group of sealants. 
Baseline characteristics were similar between groups (Table 3). Four 
measurements had missing or incomplete video/pressure data, due to 
technical errors (GATT-Patch Double and Single, TachoSil® and Coseal®). 
One measurement had missing tidal volumes for baseline AL measurements 
(GATT-Patch Double).

GATT-Patch Double (60±24cmH2O) showed significantly higher BP compared 
to Progel® (33±11cmH2O, P=0.005), Coseal® (25±13cmH2O, P=0.001), 
Hemopatch® (33±6cmH2O, P=0.006) and TachoSil® (30±11cmH2O, P<0.001), 
but no significant differences in BP compared to GATT-Patch Single 
(40±10cmH2O) (P>0.99). Between GATT-Patch Single, Progel®, Coseal®, 
Hemopatch® and TachoSil® no significant differences in BP were found 
(Figure 2A, Table 3). AL-reduction was significantly better for GATT-Patch 
Double compared to Hemopatch® (P=0.010) and TachoSil® (P<0.001). GATT-
Patch Single (P=0.004) and Progel® (P=0.027) showed significantly better AL-
reduction compared to TachoSil® (Figure 2B, Table 3).

The EAC was significantly better for Coseal® (98±13%) compared to TachoSil® 
(80±11%, P=0.023), GATT-Patch Single (77±9%, P=0.005) and GATT-Patch 
Double (76±9%, P=0.004) (Table 3). Cohesive failure was observed more 
often for GATT-Patch Double, GATT-Patch Single, Progel® and Coseal®, while 
adhesive failure was seen more frequently for Hemopatch® and TachoSil® 
(P<0.001) (Table 3, Figure 3, Video 1). Interestingly, different failure 
mechanisms were observed: progression until grade III leakage was generally 
more gradual for GATT-Patch Double, GATT-Patch Single, Progel® and 
Coseal®, requiring one or more pressure intervals to reach grade III leakage. 
For Hemopatch® and TachoSil®, grade III leakage was usually reached in the 
same pressure interval where first leakage occurred (Table 3).
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Figure 2: First experiment main results A) Bursting pressure B) Air leak reduction

Presented as median, interquartile range and range. Statistical analysis is performed using a 
Kruskal-Wallis test (two-tailed) and P-values are adjusted using the Bonferroni correction in 
post-hoc analysis. *Statistically significant at P<0.05; GATT-P: Gelatin patch impregnated with 
N-hydroxysuccimide ester functionalized poly(2-oxazolines).

Figure 3: Modes of failure (adhesive or cohesive failure) A) TachoSil® (adhesive), at 30cmH2O 
ventilatory pressure. B) Coseal® (cohesive), at 50cmH2O. C) Progel® (cohesive), at 40cmH2O D) 
Hemopatch® (adhesive), at 40cmH2O E) GATT-Patch Single (cohesive), at 70cmH2O F) GATT-
Patch Double (cohesive), at 55cmH2O. Note: all lesions (25x25mm) were made at 10cmH2O, 
patches were applied at 5cmH2O and gels on a deflated lung.
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Second experiment
Twenty measurements were performed on 20 lungs, 10 for each group. Despite 
adequate randomization, baseline AL was found to be significantly higher in 
the GATT-Patch Single group compared to the Hemopatch group (1.5±0.8 vs 
0.8±0.5 L/min, P=0.03). Other baseline characteristics were not significantly 
different (Supplement 4A). Despite the larger baseline AL, BP for GATT-Patch 
Single (45±10cmH2O) was significantly higher compared to Hemopatch® 
(40±6cmH2O, P=0.043) (Figure 4A). AL-reduction also reached statistical 
significance (P=0.043) (Figure 4B). Hemopatch® showed only adhesive failure 
and GATT-Patch Single only cohesive failure (P<0.001). EAC measurements 
were not performed due to extensive adhesive failure of Hemopatch®.

Figure 4: Second experiment main results A) Bursting pressure B) Air leak reduction

Presented as median, interquartile range and range. Statistical analysis is performed using a 
Mann-Whitney-U test (two-tailed).
*Statistically significant at P<0.05
GATT-P: Gelatin patch impregnated with N-hydroxysuccimide ester functionalized poly(2-oxazolines).
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Discussion

This ex-vivo experimental study demonstrated favorable mechanical properties 
for the novel NHS-POx based lung sealant (GATT-Patch). The patch exhibited 
excellent adhesive characteristics to the lung parenchyma, withstanding 
repetitive lung expansions in a wet and dynamic ex-vivo lung environment 
without tearing or debonding until pressures of at least 30-40cmH2O. 
Importantly, in the second head-to-head comparative experiment, GATT-Patch 
Single showed improved performance compared with a commercially available 
patch used for lung sealing with a similar application method (Hemopatch®).

Interpretation of results
The potentially higher BP which can be achieved with the NHS-POx patch may 
be of clinical relevance. It has been suggested that the BP of a sealant should 
be high enough to withstand pressures during coughing(14) or during positive-
pressure recruitment maneuvers (up to 40cmH2O).(20,21) Physiologically, 
intra-thoracic pressures during coughing can reach up to 408cmH2O(22) and 
up to 71cmH2O in the post-thoracotomy state.(23) Pedersen suggested that 
the actual pressures on the lesion might be lower due to pleural apposition, 
relieving transpulmonary pressures during coughing(14). In this context, we 
hypothesize that different modes of failure could make some sealants more 
effective than others. We observed that TachoSil® and Hemopatch® generally 
lose their sealing capacities after bursting due to lower adhesive strength. 
Progel®, Coseal®, GATT-Patch Double and Single remain effective in reducing 
the AL even after reaching BP and take one or more pressure-intervals to reach 
higher leakage intensities, due to the strong adhesive properties to the entire 
parenchymal lung defect (Table 3).(24)

As described previously, a lung sealant should have high conformability to 
the lung surface, to prevent debonding when re-expanding the lung.(24) We 
hypothesize this is especially true for gel-based sealants, as they cannot be 
applied to a slightly inflated lung with active leakage (air bubble formation). 
We observed tears leading to sealant failure for Coseal® and Progel® under 
increasing lung expansions, which may render these sprays less suitable for 
coverage of large areas. Patch sealants might not require as much conformability 
compared to gel sealants, being applicable to a slightly inflated lung surface 
with an active leak (counterpressure with gauzes). We observed successful 
applications at PEEP=5cmH2O for the TachoSil®, Hemopatch® and GATT-
Patch groups. Debonding was not observed in the GATT-Patch groups during 
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lung expansions due to strong adhesive properties. Thus, the experimentally 
measured lower EAC compared to Coseal® might not be of clinical importance.

Ease of use is an important benchmark for a sealants usability in the operating 
room. GATT-Patch Single has a similar mode of application compared to 
Hemopatch® and TachoSil®. However, GATT-Patch Double might be more 
difficult to implement in a clinical setting, especially minimally invasive 
surgery. In this case, a sprayable sealant might be preferable, which may also 
be better suited on irregular surfaces such as stapler lines, due to mechanical 
interlocking. Consequently, different modes of application are required 
depending on the surgical scenario.

Before clinical use of GATT-Patch as a lung sealant, safety outcomes for 
implantation in the thoracic cavity need to be assessed in-vivo, including 
inflammatory properties, influences on wound healing, adhesion formation 
with the parietal pleura and biodegradation. Roozen et. al. have shown that 
the histological results of GATT-Patch for intra-abdominal implantation 
were similar to control patches, showing complete biodegradation within 4-6 
weeks.(17) However, no significant conclusions could be drawn with respect to 
adhesion formation.(17) Chemically, the amide and thioester bonds formed due 
to NHS reactivity are hydrolysable, and the NHS-POx degradation products 
have been shown to be effectively renally excreted in a rat model.(16) Porcine-
derived gelatin, constituting the patch-carrier for NHS-POx, is already being 
used in other devices such as SURGIFLO® Hemostatic Matrix (Ethicon Inc. 
Raritan, New Jersey), Gelfoam® and Gelita TUFT-IT®  and may be cleared in 3 
weeks.(17) A theoretical downside to this material is the potential for antigenicity 
and allergic reactions, but this is very rare.(25) Finally, GATT-Patch is being 
investigated in multi-center clinical trials of liver surgery (ClinicalTrials.gov 
Identifier: NCT04819945 and NCT05385952), suggestive of a promising safety 
profile in humans.

Comparison to literature
The extent of intra-operative PAL has previously been used to predict the 
occurrence of pPAL. Kim found an AL percentage of inspiratory tidal volume 
(TVi) >9.5% is predictive of pPAL, while Brunelli showed this for AL >500 
mL/min.(26,27) Furthermore, a recent consensus survey has proposed that AL 
>400mL/min is classified as severe.(28) Therefore, the amount of AL observed 
in our study as a result of the created pleural lesions in porcine lungs (median 
0.6-1.2L/min at Pplat=40cmH2O, Table 3) seems clinically relevant.
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In previously published ex-vivo experiments, defect AL wasn’t always 
determined, making interpretation of those results more troublesome. 
Pedersen and Zang/Bures found higher BP for TachoSil® (median=35cmH2O, 
range=30-55cmH2O and mean=36.0cmH2O, SD=4.9cmH2O, respectively) 
when compared to our finding (median 30, range 25-40 cmH2O).(14,29) This may 
be due to differences in defect used. Fibrin glues, commonly used in thoracic 
surgery(9), were also investigated by Pedersen. However, Tisseel® and Evicel® 
both performed significantly worse when compared to TachoSil®, and were 
therefore not included in our study.(14)

In current literature, comparative clinical studies evaluating effectiveness 
between sealants are scarce. In a recent systematic review(13), only 2/21 
included studies compared one sealant to another. In these two randomized 
clinical trials (RCTs) (BioGlue vs Vivostat(30) and Tisseel vs Vivostat(31)), no 
significant differences were found in postoperative PAL duration. A more 
recent RCT not included in this systematic review compared TachoSil and 
Neoveil, showing no significant differences.(32) Since 2018, a new clinical 
trial has been started (ClinicalTrials.gov Identifier: NCT03450265), aiming 
to compare Hemopatch® to TachoSil® in a non-inferiority study. Based on a 
favourable trend in AL-reduction seen in our study (Figure 2), the capabilities 
of Hemopatch® for intraoperative AL management and preventing pPAL may 
be superior when compared to TachoSil® clinically, but results of this trial have 
to be awaited.

Limitations
For AL quantification, the tidal volumes displayed by the ventilator were used, 
and corrected for baseline deviations which could be caused by system leaks 
or bias flow. The last breath of each pressure setting was used, to ensure the 
measurement was not influenced by resolving atelectasis (overestimation) 
or escaping trapped air (underestimation). However, despite the use of 
similar AL measurements in previous studies(26,27,29), the most optimal air leak 
quantification approach remains to be validated.

With our SAE measurements, we attempted to integrate a conformability 
measurement in the BP setup. Due to possible influences by tears forming in 
the sealant (Progel® and Coseal®), debonding of the sealant (Hemopatch®) 
and camera angle, results should be interpreted cautiously (Supplement 4A). 
The method used by Yamaoka may have advantages in this perspective, not 
being influenced by different tearing/debonding characteristics.(24)
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Difficulties were observed while applying Coseal® with the standard 
applicator, leading to inhomogeneous coverage, and higher BP may be reached 
with a more homogenous layer (e.g. dedicated spray set). Due to cohesive 
failure in Progel® and Coseal® groups, a thicker layer may lead to higher BP. 
Due to adhesive failure in TachoSil® and Hemopatch® groups, higher BP may 
be obtained with a larger adhesive overlap around the defect.

In the first experiment, randomization was not performed in the Progel® and 
Coseal® groups due to the limited shelf life of the prepared syringes (4mL) 
and not in the TachoSil® group using the same allocation scheme. Influence of 
possible unconscious biases are expected to be low, due to the demonstrated 
statistically similar baseline measurements in the first experiment. Sample 
sizes were not large enough to detect all significant differences. Due to a 
significantly larger air leak in the GATT-Patch Single group in the second 
experiment, the actual effect size between GATT-Patch Single and Hemopatch 
may have been underestimated.

Recommendations for future research
While the porcine lung has been found to be comparable to the human lung(33), 
ex-vivo results should be interpreted cautiously, as they may not translate 
accordingly to in-vivo situations (e.g. due to pleural mechanisms, coagulation, 
immune response, physiological breathing). The NHS-POx patch mode of 
application should be further optimized to improve usability in a clinical setting 
while maximizing mechanical cohesive strength (e.g. by creating a thicker 
single-layer patch). Before clinical use can be established, safety outcomes 
for implantation of the GATT-Patch in the thoracic cavity need to be assessed 
in-vivo. Fundamentally, mechanisms of sealant failure and BP should be 
further studied in relation to critical moments such as coughing or recruitment 
maneuvers, to establish threshold values for product development.

Conclusion
In conclusion, the novel NHS-POx based patch shows promise as a lung sealant 
due to favorable mechanical properties, demonstrating elevated BP and good 
adhesive strength to the lung. The gradual leakage pattern may provide 
superior reduction of an AL, especially in challenging clinical scenario’s such 
as coughing or mechanical recruitment. The mode of sealant application 
should be optimized, and further in-vivo research is required to validate our 
findings and establish a safety profile for intra-thoracic implantation.
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Chapter 4 Supplemental material

Supplemental Video 1 is published online (https://doi.org/10.21037/jtd-22-1821).

Supplement 4A

Data-acquisition setup
Pressure data is retrieved from the mechanical ventilator (SERVO-I, 
Maquet Critical Care) through a RS232 link connected to a laptop using the 
ServoTracker software (version 4.1, Maquet Critical Care). The analog output 
of this software (-5 to +5V, sample rate 200/s) was then routed through 
two input-output devices (NI USB-6229 and NI USB-6210), which was then 
recorded into the analog input recorder application in Simulink (Matlab 
version R2020a) and oversampled at 1000/s. Before this signal was saved, it 
was gained (g = 40) and put through a discrete filter (f = 50Hz bandstop) to 
attain a clean signal in cmH2O.

Conformability measurements

Surface area expansion calculation
For the surface area expansion (SAE) measurements, marked area (baseline) 
or sealant covered area (after sealing) of screenshots taken at airway 
pressures of 5 and 40 cmH2O were calculated using ImageJ (version 1.53a, 
Wayne Rasband). The ruler was used to determine the scale in the program. 
In the case of extensive debonding (mainly in Hemopatch® group), the SAE 
of the remaining adhesive portion was measured, while tears within sealants 
(Progel®/Coseal®) were included in the SAE measurements. SAE was 
calculated as (surface area at 40 cmH2O)/(surface area at 5 cm H2O) and the 
area expansion change (EAC was calculated as (sealed SAE)/(baseline SAE). 
An EAC of 100% indicates perfect conformability of the sealant to the lung, 
while <100% indicates a reduced expansion after sealing compared to baseline.

Surface area expansion examples
Examples of how a SAE and consequent EAC measurement was performed. 
First, at ventilatory pressure settings of PEEP = 5 cmH2O and Pc = 35 cmH2O, 
screenshots were taken at 5 cmH2O and 40 cmH2O (figure 1A and B). Then, 
using ImageJ (version 1.53a, Wayne Rasband), the scale was determined 
using the ruler and the baseline areas and subsequently sealed areas were 
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calculated. As can be seen in figure 1, these measurements may be influenced 
by: tears in the sealant, as was mainly seen in the Progel® and Coseal® gels 
(figure 1C and D) and debonding of the sealant, as seen in Hemopatch® (1F). 
In the case of debonding, only the adhesive area was measured. In the case 
of tears, the entire area was still measured. Also, the lung was positioned 
manually above the camera and the exact angle between camera and measured 
surface was not measured, so some unknown factor of optical distortion may 
be of influence on these measurements.

Figure 1) Surface area expansion measurement examples. A) Baseline surface area 
measurement at 5 cmH2O B) Baseline surface area measurement at 40 cmH2O C) Coseal® 
example with tears D) Progel® example with tears E) TachoSil® example F) Hemopatch® 
example with debonding G) GATT-Patch Single example H) GATT-Patch Double example.
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Supplementary Table

Table S1: second experiment baseline characteristics and outcomes

GATT-Patch Single Hemopatch® P-value

BASELINE CHARACTERISTICS

Sample characteristics

Ischemic time (minutes)† 173±104 180±130 0.90

Left lower lobe (n, %) 8 (80%) 7 (70%) P>.99

Physical characteristics

Surface temperature (°C)† 31.9±1.7 32.1±1.2 0.70

Water temperature (°C)‡ 37.3±0.1 37.3±0.2 P>.99

Baseline SAE (%)‡ 154±23 157±7 0.53

Lung compliance (mL/cm H2O)† 25±4 24±6 0.47

Leakage characteristics

Baseline leaking pressures

     Grade I (cmH2O)‡ 15±10 20±3 0.08

     Grade II (cmH2O)‡ 20±8 25±11 0.11

     Grade III (cmH2O)‡ 23±11 30±11 0.32

AL

     Amount (L/min)† 1.5±0.8 0.8±0.5 0.03

     Percent of TVi (%)† 12.4±5.1 7.1±3.9 0.02

EXPERIMENT OUTCOMES

Sealed leaking pressures

     Grade I (cm H2O)‡ 45±10 40±6 0.04

     Grade II (cm H2O)‡ 45±10 40±6 0.04

     Grade III (cm H2O)‡ 50±11 40±6 0.002

AL reduction (%)‡ 100±11 68±40 0.04

Cohesive failure (n, %) 10 (100%) 0 (0%) P<.001

Adhesive failure (n, %) 0 (0%) 10 (100%) P<.001

Bold P-value indicate statistical significance (P<0.05).
†Mean±standard deviation (SD)
‡Median±interquartile range (IQR)
SAE: surface area expansion; AL: air leak;  TVi: inspiratory tidal volume.
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ABSTRACT
Background: No validated and standardized animal models of pulmonary air 
leakage (PAL) exist for testing aerostatic efficacy of lung sealants. Lack of 
negative control groups in published studies and intrinsic sealing mechanisms 
of healthy animal lungs might contribute to a translational gap, leading to 
poor clinical results. This study aims to address the impact of intrinsic sealing 
mechanisms on the validity of PAL models, and investigate the conditions 
required for an ovine model of PAL for lung sealant testing.

Methods: An ovine acute aerostasis model was developed, consisting of a bilateral 
thoracotomy with lesion creation, chest tube insertion and monitoring of air leaks 
using digital drains (≥80 minutes), under spontaneous respiration. Healthy mixed-
breed adult female sheep were used and all in-vivo procedures were performed 
under terminal anesthesia. Superficial parenchymal lesions were tested post-
mortem and in-vivo, extended lesions including bronchioles (deep bowl-shaped 
and sequential lung amputation lesions) were tested in-vivo. Experiment 
outcomes include air leakage, minimal leaking pressure and histology.

Results: Two post-mortem (N=4 superficial parenchymal lesions) and 10 in-
vivo experiments (N=5 superficial parenchymal and N=16 lesions involving 
bronchioles) were performed. In contrast to the post-mortem model, superficial 
parenchymal lesions in-vivo showed less air leak (mean flow±SD: 760±693mL/
min vs 42±33mL/min, P=0.055). All superficial parenchymal lesions in-vivo 
sealed intrinsically within a median time of 20 minutes (IQR: 10-75). Histology 
of the intrinsic sealing layer revealed an extended area of alveolar collapse 
below the incision with intra-alveolar hemorrhage. Compared to superficial 
parenchymal lesions in-vivo, lesions involving bronchioles induced significantly 
higher air leak post-operatively (normalized mean flow±SD: 459±221mL/min, 
P=0.003). At termination, 5/9 (55.6%) were still leaking (median drain time: 
273 minutes, IQR: 207-435 minutes), and intrinsic sealing for the remaining 
lungs occurred within a median of 115 minutes (IQR: 52-245 minutes).

Conclusions: Lung parenchyma of healthy sheep shows a strong intrinsic 
sealing mechanism, explained pathologically by an extended area of alveolar 
collapse, which may contribute to a translational gap in lung sealant research. 
A meaningful ovine model has to consist of deep lesions involving bronchioles 
of >∅1.5mm. Further research is needed to develop a standardized PAL model, 
to improve clinical effectiveness of lung sealants.
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Introduction

Prolonged pulmonary air leak (pPAL) occurs in up to 30% of lung resections, 
causing increased morbidity (empyema and post-operative complications), 
reinterventions (4.8%), readmissions (odds-ratio [OR] = 2) and mortality (OR 
= 1.9).(1-7) Preclinical animal studies with lung sealants have shown promising 
results, and 74% of surgeons use sealants in their high-risk patients.(8-10) 
Results of lung sealants in preventing pPAL in clinical studies, however, are 
mixed and guidelines do not recommend their routine use.(11-16) Recently, in 
a European Society of Thoracic Surgeons (ESTS) survey, the majority of the 
258 responding thoracic surgeons affirmed the lack of sufficient evidence for 
lung sealants, and an unmet clinical need for more effective lung sealants 
was described.(17) The marked discrepancy between the more positive 
preclinical studies and often unsatisfactory clinical results indicate a potential 
translational gap.

For effective clinical use, the performance of lung sealants should be 
investigated during their development in properly validated animal models. 
For a valid model, pulmonary air leakage (PAL) needs to be present of 
sufficient magnitude and without the capacity to resolve spontaneously for 
the study duration, ensuring accurate assessment of both acute and prolonged 
aerostatic efficacy of applied lung sealants. Furthermore, in contrast to 
patients undergoing lung resections, animals used in lung sealing experiments 
are  healthy in 92% of cases and may poses enhanced intrinsic sealing and 
regenerative capacities, which can possibly invalidate positive study findings if 
unaccounted for.(18-20) In the present literature, no standardized animal model 
exists that guarantees clinically significant pPAL, and  negative control groups 
were only used in 18.7% of preclinical studies.(20,21) Therefore, the validity of 
many previously tested lesions for pPAL in animal models is unknown.(20,22,23)

Several enhancements to animal models for lung surgery research have been 
described, that might reduce the translational gap. First of all, the type of 
lesion might impact PAL, as larger lesions and lesions involving bronchioles 
seem more likely to result in pPAL.(21,24) Secondly, disease models have been 
described, including models for emphysema and heparinized models.(25,26) 
Although these disease models increase the risk of pPAL, these models may 
come at the cost of increased variation and decreased animal welfare. In the 
present study, we assessed the impact of different types of lesions on PAL 
from the results of negative controls (untreated lesions) in three animal 
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experiments. These results provide insight in the impact of intrinsic sealing 
mechanisms on the validity and translational value of animal models for lung 
sealant research. We present this article in accordance with the ARRIVE 2.0 
reporting checklist.

Methods

Study setup
The intrinsic sealing capacities of both superficial parenchymal lesions 
and lesions involving bronchioles are investigated in in-vivo and post-
mortem ovine models, by measuring air leakage (AL) and characterizing the 
responsible mechanisms histopathologically. To simulate a real post-operative 
scenario, an ovine acute aerostasis model with both mechanical ventilation 
and spontaneous breathing was used, based on previous models.(21,24) A 
bilateral thoracotomy was performed sequentially and varying standardized 
lung lesions were created in an explorative study design, after which AL was 
measured on both lungs after chest closure with a digital drainage system.

The sheep included in the analysis were used in three experiments, one post-
mortem study and two in-vivo studies. First, superficial parenchymal lung 
lesions were tested in mechanically ventilated post-mortem sheep (N=2 
cadavers), to test the hypothesis that pleural apposition diminishes AL for 
superficial lesions after chest closure.(27,28) Then, such lesions were created in a 
live sheep model (in-vivo), testing their natural healing course in the presence 
of intact coagulation (N=3 sheep). Finally, based on the previous results, more 
extensive lesions involving macroscopically visible bronchioles were tested 
(N=7 sheep). Part of the lesions made in the in-vivo studies were treated with a 
sealant. For the present study, we only pooled results for untreated lesions, as 
the focus of this investigation was to study the mechanisms of intrinsic sealing.

Lung lesions
Lesions were made to simulate the clinical problem of an alveolar-pleural 
fistula, defined as PAL arising distal to the segmental bronchus.(29) Three 
different lung lesions were tested: superficial parenchymal, deep bowl-
shaped and sequential lung amputation lesions. Superficial parenchymal 
lesions were made by creating n x n perpendicular cuts in a 25x25mm square 
with a scalpel limited to 1-3mm depth (Figure 1A/B). Deep bowl-shaped 
lesions were made by cutting a ∅25mm bowl lesion using biopsy punches and 
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scissors (Figure 1C/D). Sequential lung amputations were made by cutting 
away tissue perpendicularly to the expected bronchiole branching pattern, at a 
width of 3-5cm in steps of 1cm until either bronchioles of ∅>1.5 or ∅0.5mm were 
encountered, on the ventral tips of the middle lobe (RML) and lower lobe (RLL) 
on the right, plus the upper lobe (LUL) and the lower lobe (LLL) on the left 
side (Figure 1E/F). This method for inducing lesions involving bronchioles was 
found to be the most repeatable in our ex-vivo investigations (Supplement 5A)  
and is based on the model of Ranger.(21) All lesions were made on a static lung 
with a positive end-expiratory pressure (PEEP) of 10cmH2O. Precise lesion 
types per experiment are explained in Table 1.

Figure 1: Lung lesions. A and B) Superficial parenchymal lesion creation in-vivo. C and D) Deep 
bowl-shaped lesion creation in-vivo. E and F) Sequential lung amputation lesion in-vivo. White 
arrow points at a macroscopically visible bronchiole (marked with a suture for recognition 
at obduction).

Outcome measures
In all experiments, after lesion creation and chest closure, AL was measured 
using a digital chest drainage system (Thopaz®, Medela, Baar, Switzerland). 
The time point since start of drainage when AL was <20mL/min, was noted 
as time until intrinsic sealing. For lesions involving bronchioles, the AL was 
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measured using a mechanical ventilator (SERVO-I®, Getinge, Gotenburg, 
Sweden), based on the inspiratory (TVi) and expiratory (TVe) tidal volumes, 
right before and after lesion induction. The minimal leaking pressure (MLP) was 
determined for these lesions by dialing down the PEEP in steps of 1cmH2O until 
leakage disappeared or increasing in steps of 1cmH2O until leakage appears. 
In the in-vivo series, the post-mortem measurements of MLP were performed 
either ex-situ after lung explantation, or in-situ using selective intubation (in 
E4-E6, Table 1). Bronchial diameters (lumen, ∅) were measured using a ruler 
with markings every 0.5mm (Aesculap A A804R), and approximated in 0.5mm 
increments. Finally, macroscopy was recorded descriptively, paying attention 
to mechanisms of sealing of sealing, hemostasis and atelectasis.

Animal procedures
All experiments were performed under a project license (NO.: 
AVD10300202114869) granted by national authorities (‘Centrale 
Commissie Dierproeven’, CCD) after review by an independent ethics board 
(‘Dierexperimentencommissie’, DEC) in the Netherlands, in compliance 
with institutional guidelines for the care and use of animals. Humane care 
and anesthesia were provided throughout the experiments. Experimental 
protocols were approved by the animal welfare body and registered internally 
at our institute (NO.: 2021-0012-001 and 2021-0012-002).

Adult mixed-breed female sheep (N=2) which were previously utilized for the 
production of antibodies in an unrelated project were euthanized using an 
overdose of pentobarbital, and the cadavers were directly re-used in the post-
mortem pilot model. Healthy adult mixed-breed female sheep (N=10) were 
used in the in-vivo animal model. Anesthetic protocols in-vivo involved deep 
surgical anesthesia during surgery and lighter sedation during a spontaneous 
ventilation observation period (Supplement 5B). Mechanical ventilation was 
guided by the visual presence of atelectasis on lung surfaces and ventilation 
and oxygenation requirements in the live animals. Reduction of ruminal 
tympany was ensured throughout the procedure.

A thoracotomy was performed on both sides of in the fifth intercostal space 
sequentially, always beginning with the right lung. After lesion creation, 
hemostasis was performed if required using gauzes and diathermy, and time 
until hemostasis was recorded. If necessary, fibrin plugs were removed using 
a small tweezers from the bronchiole lesions following hemostasis. Following 
all measurements, a silicone drainage tube (size Ch30) was placed apically 
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and exited the thorax ventrally on both sides. The thoracotomy was closed 
in layers to ensure air-tightness for accurate AL measurements. After an 
observation period in a back position (post-mortem model, minimum of one 
hour) or abdominal position (in-vivo model, minimum of three hours) under 
mechanical or spontaneous ventilation, the live animals were euthanized using 
pentobarbital. The lungs were explanted through a median sternotomy for 
inspection, post-mortem measurements and histology.

Histology
For histological analysis, samples were taken from the created defects after 
MLP determination and stored in 4% formaldehyde. Subsequently, they 
were embedded in paraffin and 4μm thick sections were cut and stained with 
hematoxylin-eosin staining. These coupes were digitalized and assessed by an 
experienced pathologist (SV).

Statistical analysis
ThopEasy+ software (Medela, Baar, Switzerland) was used to import AL data, 
giving mean AL values (mL/min) every 10 minutes. For all lesions (post-
mortem and in-vivo), the mean AL was calculated over the first 80 minutes of 
drainage (minimum drainage time across all groups). In-vivo, mean AL was 
calculated over the first 180 minutes of drainage, and in 30 minute intervals 
for the first 5 hours of drainage. For statistical comparison, drainage AL data 
was normalized as: 𝐴𝐴𝐴𝐴!"#$%&'()* = ln & +,
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effective ALs on the drained side. Normalized values were then compared 
using an analysis of variance (ANOVA) with Bonferroni-Holm post-hoc test 
(α=0.05/3). Intraoperative AL (mL/min) based on the mechanical ventilator 
was calculated as: 𝐴𝐴𝐴𝐴!"#$%&'()* = ln & +,
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, were RR denotes respiratory rate. 

This AL was corrected for AL measured before the lesion was created as: 𝐴𝐴𝐴𝐴!"#$%&'()* = ln & +,
-!"#$%
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𝐴𝐴𝐴𝐴7"##)78)* = 𝐴𝐴𝐴𝐴&)/'"! − 𝐴𝐴𝐴𝐴9%/)&'!)  . In case this calculation resulted in a negative 
AL, an AL of 0mL/min was noted. MLP, time until hemostasis and AL data 
were compared between lesions involving bronchioles (∅0.5mm vs ∅>1.5mm 
lesions)  using a Mann-Whitney-U test (two-tailed α=0.05). IBM SPSS 
Statistics 27 (Armonk, New York; IBM Corp) was used for statistical testing.
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Results

Summary of experiment characteristics
In twelve animals, 25 untreated lesions were created and analyzed (N=4 
superficial parenchyma post-mortem, N=5 superficial parenchyma in-vivo, 
N=16 lesions involving bronchioles, N=4 ∅0.5mm and N=11 ∅1.5mm bronchioles, 
N=1 missing diameter). One animal in the in-vivo group (P2) did not regain 
spontaneous ventilation and was kept on the mechanical ventilator during the 
observation period, another (P6) died due to acute cardiac arrest right after 
closure of the left thoracotomy, resulting in missing left lung drainage data 
and a shorter follow-up period. All experiment characteristics are displayed 
in Table 1.

Air leak characteristics for lesion subtypes
75% of superficial parenchymal lesions resulted in AL after thorax closure in 
the post-mortem model (mean±SD: 760±693mL/min, N=4). One lesion did 
not exhibit AL, likely due to extensive atelectasis of the affected lobe seen at 
obduction. For the in-vivo superficial parenchymal lesions, only minimal and 
rapidly decreasing post-operative AL was observed (mean±SD: 42±33mL/min, 
N=5, Figure 2A). All of these lesions stopped leaking within a median time of 
20 minutes (IQR: 10-75 minutes, N=5). The average AL at 80 minutes showed 
a trend towards statistical significance between the post-mortem and in-vivo 
groups (p=0.055).

In comparison to superficial parenchymal lesions in-vivo, all lesions involving 
bronchioles (pooled ∅0.5mm and >∅1.5mm lesions) led to significantly higher 
AL post-operatively (normalized flow mean±SD: 459±221mL/min, p=0.003, 
N=9, Figure 2A/B). Despite relevant AL initially, the magnitude of the AL 
still decreased over the observation period (Figure 2C). At termination of 
the experiment, 5/9 (55.6%) of these lungs were still leaking (median drain 
time: 273 minutes, IQR: 207-435 minutes, N=5), and intrinsic sealing for 
the remaining lungs occurred within a median of 115 minutes (IQR: 52-245 
minutes, N=4). The shortest time until intrinsic sealing was observed for the 
lung affected with a ∅0.5mm bronchiole lesion (50 minutes, N=1).
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Figure 2: Air leak (AL) results for parenchymal and bronchiole lesions. A) Average AL from first 
80 minutes of thoracic drainage. B) Average AL from the first 180 minutes of thoracic drainage 
C) Average AL values per 30 minutes from in-vivo experiments. Dashed lines show individual 
drain measurements.

Min. = minutes, h = hours.
*Absolute AL values for left or right drains, uncorrected for number of leaks per side (Table 1).

**�Statistical testing performed using ANOVA (α=0.05) on log-normalized AL values and 
Bonferroni-Holm correction for post-hoc testing (only significant comparisons shown).

Bronchiole diameter and leakage capabilities
Comparing both sizes of bronchioles, ∅>1.5mm lesions (N=11) were found to 
require longer time until hemostasis then ∅0.5mm lesions (N=4) (mean±SD: 
6.0±2.7 vs 2.0±0 minutes, P=0.012). However, no significant difference was 
found between ∅>1.5mm/∅0.5mm lesions for MLP (median±IQR: 5±2cmH2O vs 
7±5cmH2O, P=0.226) nor mechanical ventilator AL (median±IQR: 581±1012mL/
min vs 140±305mL/min, P=0.104) during the live observation. Furthermore, 
post-mortem MLP did not differ significantly between ∅1.5mm/∅0.5mm 
(median±IQR: 6±13cmH2O vs 10±41cmH2O, P=0.199) A trend was seen for 
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higher AL alive and lower MLP post-mortem for the ∅>1.5mm lesions. Of note, 
N=2 lesions were excluded from MLP analysis in the ∅>1.5mm subgroup due 
to blood contact during obduction, which possibly influenced the MLP (15 
and 45cmH2O).

Macroscopy and histology
A rapid intrinsic sealing of the in-vivo superficial parenchymal lesions was 
observed intraoperatively (illustrated in video 1). At obduction, all superficial 
parenchymal lesions of the in-vivo model were covered with a coagulated 
fibrin sealing layer (Figure 3A/B). For the lesions involving bronchioles, the 
bronchioles appeared contracted or were no longer macroscopically visible 
(Figure 3C/D).

 

Figure 3: Macroscopic findings. A) Intrinsically sealed superficial parenchymal lesion, with a 
coagulated fibrin layer over the lesion. B) Small bronchiole (white arrow) as air leak focus of 
a deep bowl-shaped lesion with some secretions. Note the intrinsic sealing layer over the lung 
parenchyma. C) Macroscopic aspect of sequential amputation in-vivo and D) the same lesion at 
obduction. Note that the bronchiole (white arrow) is no longer visible at obduction and that a 
coagulated sealing layer is present on top of the parenchyma.
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Histology for the superficial parenchymal lesions (N=2 lesions after <12h) 
revealed an area of alveolar collapse surrounding the injured sites, extending 
beyond the coagulated parenchymal incisions. Within this area of alveolar 
collapse, intra-alveolar hemorrhage was observed. Going further proximally, 
the normal air contents of the parenchyma gradually returned. Minimal influx of 
immune cells was seen, but no notable immune response was noted (Figure 4). 
The histological response for the lesions involving bronchioles was similar to 
the parenchymal lesions in-vivo (Supplement 5C).

Figure 4: Histology of intrinsically sealed lung parenchyma. A) Aspect of a 3mm deep 
parenchymal incision (5x magnification). Three areas can be distinguished in the intrinsic sealing 
layer: area I shows coagulation in the incision itself; area II shows alveolar collapse and intra-
alveolar hemorrhages extending beyond the actual incision site (detailed at 40x magnification 
in B) and area III shows the return of normal air containing alveoli. C) Uninjured lung site shows 
normal air containing parenchyma (40x magnification).
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Discussion

This study revealed that superficial parenchymal defects are unsuited for lung 
sealant testing in a healthy ovine model of PAL, due to rapid intrinsic sealing. 
Sequential amputation lesions involving bronchioles do result in AL in 56% 
of cases (median observation time: 4:33h), but with 44% of cases sealing 
intrinsically in a median time of 1:55h. Bronchioles of ∅1.5mm are preferable 
over ∅0.5mm, due to a trend towards a longer time to sealing. These lesions 
can be created in a reproducible manner and therefore seem valid for acute 
lung sealant testing. Nevertheless, the time to sealing is still too short for 
analysis of pPAL. These observed intrinsic sealing mechanisms could explain 
a translational gap in lung sealant research, especially in studies lacking 
negative control groups to demonstrate pPAL.

Comparison to literature
Presently, many clinical studies have been performed, testing numerous 
different sealant products. Some sealants were shown to be effective, but there 
were fluctuating results and no clear evidence based recommendations.(16) As 
we suggest, disappointing results in clinical studies may be a consequence 
of a translational gap when negative controls are not used in the preclinical 
phase to ensure significant PAL. For example, effectiveness of fibrin glue was 
seen in an animal study that compared bursting pressures of fibrin glue with 
sutures in a rabbit model, without a negative control group (i.e. lesion with no 
treatment).(30) In contrast, the animal study by McCarthy et. al., which included 
a negative control group to demonstrate significant PAL, showed no real effect 
of fibrin glue. 50% of the animals in their study were free of AL after 24h in both 
the fibrin glue and negative control groups (i.e. similar effectiveness to natural 
healing).(24) This study is in line with clinical literature, as fibrin glue has not 
been found significantly effective for reducing the length of hospital stay in the 
clinical trials by Fleisher, Wong and Mourirtzen.(31-33)

Our study confirms the hypothesis that it is only possible to induce PAL in 
healthy animal lungs when creating lesions with adequate depth, lacerating 
terminal bronchioli.(21) Previous studies with negative control groups had 
similar findings, as amputations of lung lobes or deep incisions, likely resulting 
in bronchiolar leaks, resulted in AL complications (Supplement 5D).(21,34-36) 
As an example, Ranger et. al. produced similar bronchiolar leaks of ∅>1.5mm 
and found higher AL (mean 1.4L/min, range 0.6-3.5L/min) in small dogs with 
similar drainage settings, as compared to our finding. These differences may 
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be explained by sampling variation or lobe/species effects.(21) In contrast, 
various superficial lesions did not lead to AL problems.(18,37-39) Also in larger 
parenchymal lesions, AL may persist, although in small dogs and pigs  
(17-35kg) it is unclear whether this is due to some degree of bronchiolar 
laceration at depths of ~5mm.(24,40)

Intrinsic sealing mechanisms
Pathologically, the intrinsic sealing layer is hypothesized to be more than 
just superficial coagulation, an extended area of alveolar collapse might be 
an explanation for the strong and rapid intrinsic sealing seen in this study. 
Similar mechanisms have previously been described, including compressed or 
partially aerated alveoli, subpleural alveolar edema, intra-alveolar bleeding 
and intra-alveolar deposition of fibrin strands.(19,41-43) Based on these studies 
and the findings in our study, the following mechanisms are proposed to 
be principally responsible: first, alveolar collapse is physically initiated by 
air escaping from the subpleural alveolar layer, by direct impression of the 
surgical instrument and a lower resistance to flow of this distal AL path.(41) 
Simultaneously, hemorrhage spreads through the pores of Kohn and channels 
of Lambert.(43) Blood proteins and lipids are known to cause an inhibition of 
surfactant function, increasing alveolar surface tension (Laplace’s law, 𝑃𝑃 =

2𝑇𝑇
𝑟𝑟

 )  
and thereby attenuating alveolar collapse biophysically.(44-48) This results 
in a reduction of the common radius of the subpleural alveoli, increasing 
the resistance and reducing the AL by Poiseuille’s law. This attenuates 
coagulation mechanisms analogous to vasoconstriction in a bleeding 
wound.(41,43) Inflammatory mechanisms were not seen in our sample (due 
to the short follow-up period), but may further enhance sealing through 
alveolar compression, due to capillary enlargement and edema as previously 
described.(19,42,43) Pleural apposition may also reduce AL, but we hypothesize 
this to play a small role based on our post-mortem observations and rapid 
sealing seen intra-operatively.(27)

These micromechanics could also provide a biophysical explanation for the 
lower intrinsic sealing capabilities in diseased human lungs. Pulmonary 
emphysema is a major risk factor for pPAL, and emphysema scores have shown 
to be predictive of pPAL.(1,49-51) Conceptually, in emphysematous lungs, lower 
pressures are required to prevent alveolar collapse, due to the larger radius of 
emphysematous alveoli (Laplace’s law). Therefore, it is hypothesized that the 
proposed biophysical intrinsic sealing mechanisms will not induce the same 
degree of intrinsic sealing by alveolar collapse as seen in the healthy, non-
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emphysematous ovine lungs. Further study of intrinsic sealing mechanisms in 
emphysematous lungs might help us understand mechanisms of pPAL, which 
may improve treatment of these lesions.

The reduction in bronchiole diameter which was observed macroscopically 
post-mortem, may be due to sympathetic nervous system activation or 
bronchiole collapse  due to absence of hyaline cartilage supporting structures. 
Especially bronchioles <1mm lack supporting hyaline cartilage, which was 
also seen histologically in our study (Supplement 5C).(52) In this case, as 
surrounding alveolar tissues collapse due to a steal phenomenon from the 
leaking orifice, especially bronchioles without cartilage support could collapse 
and seal intrinsically (as shown in Figure 3D). A bronchiole of ∅>1.5mm 
appears preferable over ∅0.5mm to prevent rapid and strong intrinsic sealing 
in the acute aerostasis model from this perspective.(21)

There might be species specific considerations for sheep, which explain the 
strong and rapid intrinsic sealing. These include intra-vascular macrophages 
and an increased white blood cell count, which may cause immune mediated 
attenuation of intrinsic sealing mechanisms.(53-55) Coagulation times are 
comparable to those of humans.(55) High doses of intravenous propofol 
(dissolved in lipids) were sometimes required during surgical anesthesia, and 
it was hypothesized that this might result in hyperlipidemia and subsequently 
increased blood viscosity and coagulability. However, previous in-vitro and in-
vivo experiments have shown no effect on blood viscosity, and even describe a 
reduced platelet aggregation.(56)

Translational value of air leak models
The face validity of a bronchiolar AL model is reduced, as clinical pPAL mostly 
arises from the alveoli in superficial parenchymal injury, such as from the 
dissection of fissures or pleural adhesions. As an acute aerostasis model, 
the construct validity remains preserved. PAL >500mL/min intraoperatively 
was found to predict pPAL, and AL sizes of 150-400mL/min have been used 
for sealant application in a clinical trial, with positive results.(57,58) Thus, the 
bronchiole AL seems sufficient for acute sealant testing. The model allows 
testing on an actively leaking lung, after thoracic closure, at least before 
intrinsic sealing of specific bronchiole lesion occurs. Thereby, other important 
mechanisms such as coagulation, immune response, pleural mechanisms and 
physiological breathing can be replicated, which is presently not feasible in 
animal-free alternatives.(59,60)
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Disease models may be suitable to induce pPAL, but it remains unclear how 
long PAL should last in a model for sealant testing. Based on the hypothesized 
micromechanics, emphysema may result in longer pPAL, while heparinization 
seems a less effective disease model, as this would not inhibit alveolar 
collapse, and might even enhance spreading of blood through the alveoli. 
One study found significantly lower bursting pressures for sealants applied 
to emphysematous lungs, but did not measure PAL postoperatively.(26) The 
lower bursting pressures could be biochemically ascribed to a lower crosslink 
density on emphysematous lungs, which may be another explanation for a 
translational gap.(26) When developing disease models, disease induction 
might be associated with an increased baseline variation, higher sample size 
requirement and decreased animal welfare, which needs to be weighed against 
the potential added benefit of these models.

Limitations
These experiments offer a valuable addition to the present preclinical 
literature, by confirming the possibility of a translational gap and offering 
novel insights into intrinsic sealing mechanisms. However, based on these 
experiments, it is not possible to define a global standardized model for pPAL 
and lung sealant research. For this, further investigations are needed. First 
of all, it needs to be studied how long PAL needs to be present in a model for 
sealant testing to ensure accurate translation. Formulated differently, the 
time until intrinsic sealing of human lungs when a sealant is applied needs 
to be studied. Disease models are hypothesized to be suitable options for 
developing longer leaking PAL, but remain entirely unconfirmed, and come 
with added costs (higher sample size, decreased animal welfare). Another 
option might be to create leaks in large bronchi (e.g. segmental bronchi), but 
this further decreases the face validity. Finally, due to small sample size and 
heterogenous methods in the present study, all findings described here should 
be interpreted with appropriate caution and need to be confirmed in a-priori 
statistically powered experiments.

Recommendations for further research
Clinicians and experimental researchers should be aware of the intrinsic 
sealing mechanisms of healthy animal lungs. Success of sealants in animal 
studies should therefore be interpreted cautiously.  In new experimental 
design, negative control groups should always be considered to measure the 
actual treatment effect. PAL may be created in animal models by creating 
especially large defects or lacerating bronchioles of ∅>1.5mm.(21,24) For 
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development of a global standardized pPAL model, further research is 
required into the requirements of valid pPAL models (e.g. duration of PAL), 
and methods for inducing longer PAL (e.g. emphysema or heparinization).(25,26) 
Such disease models could also be used to study mechanisms of PAL in clinical 
scenario’s, such PAL arising from stapler lines. The understanding of PAL 
sealing mechanisms is still incomplete, and the proposed mechanisms should 
be further investigated. With a thorough understanding hereof, a clinical 
solution for the problem of pPAL might be discovered, for example by making 
the surgical treatment better synergize with the underlying mechanisms of 
the specific lesion type. The conduction of animal systematic reviews and 
adherence to ARRIVE guidelines should be encouraged to further improve 
scientific rigorousness of animal studies.(20,61)

Conclusions

Superficial parenchymal lesions exhibit an intrinsic sealing mechanism in 
a healthy ovine lung model, explained pathologically by an extended area of 
alveolar collapse attenuating coagulation mechanisms. These mechanisms 
may reduce model validity and contribute to a translational gap in lung 
sealant research, especially when negative control groups are not used. 
Experimental researchers should account for these mechanisms when 
designing experiments, to improve clinical applicability. One such approach 
for acute lung sealant testing in an ovine model, is to create deep parenchymal 
defects involving at least bronchioles of ∅>1.5mm. Further study into PAL 
models is required to develop and validate a universal standardized acute 
aerostasis model.
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Chapter 5 Supplemental material

Supplemental Video 1 is published online (https://doi.org/10.21037/jtd-23-180)

Supplement 5A - Ex-vivo characterization of 
sequential amputation lesions

Study setup
Using an ex-vivo setup with ovine lungs, the repeatability of sequential lung 
edge amputations or lung incisions for attaining bronchioles of ≥1.5mm but 
lower than 3.0mm was investigated (same inclusion criteria as the model used 
by Ranger et. al. in 1997). Next, the defect which was found most optimal was 
investigated in an in-vivo acute aerostasis experiment and the intrinsic sealing 
capabilities were tested, by measuring minimal leaking pressures (MLP) at 
obduction and air leakage using a digital drain (see main manuscript).

Outcome measures
Bronchial diameters (lumen) were measured using a ruler with markings 
every 0.5mm (Aesculap A A804R), and approximated in 0.5mm increments. 
Bronchioles <0.5mm but approximately larger than 0.25mm were noted as 
0.5mm. If the bronchial lumen was approximately smaller than 0.25mm or if 
no bronchiole lumen could be identified macroscopically, this was noted as 
0mm. MLP was determined using a Servo-I mechanical ventilator (Maquet 
critical care). Under pressure control settings, positive end-expiratory 
pressure (PEEP) was put on 10cmH2O while air leakage was assessed using 
water immersion or dripping water over the lesion. PEEP was gradually dialed 
down in steps of 1cmH2O until air leakage disappeared and the last plateau 
ventilatory pressure (Pplat) at which air leakage was still present was noted 
as MLP. In the case of MLP>10cmH2O, the pressure was gradually increased 
until leakage was observed. The dimensions (length and width) of sequential 
amputation lesions were measured in whole millimeters (figure S1).

Sequential amputations versus incisional defects
First, two methods for attaining bronchiole lesions were compared ex-vivo: 
sequential amputations versus lung incisions. For this, lungs of two sheep  
(54 and 84kg) sacrificed for a different experiment were harvested immediately 
after death. Sequential lung amputations perpendicular to bronchial branching 
were compared with lung incisions regarding repeatability and leaking 
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capability. Right upper (RUL), right middle (RML), right lower (RLL), left upper 
(LUL) and left lower lobes (LLL) were selectively intubated and fully recruited 
until Pmax=40-50cmH2O. All lesions were marked and created on a static 
lung with PEEP=10cmH2O. First, sequential amputations (figure S1) were 
performed starting at 1cm from the edge and measuring maximum bronchiole 
diameter and MLP during each increment until bronchioles of ≥1.5mm were 
encountered. Then, a large clamp was placed across the defective area and the 
procedures were repeated on the same lobe for incisional defects (25mm long, 
5mm deep and increasing depth in steps of 5mm).

Figure S1: A) Sequential amputation lesions are best performed on the RML/LULca/LLL/RLL in 
the in-vivo situation, and are roughly made perpendicular to bronchial branching. B1) Lesions 
on the RML/LULca are performed by sequentially increasing the cut line with 1cm from the 
previous cut line (green lines), resulting in a triangular defect (B2). C1) Lesions on the RLL/
LLL are performed by increasing the cut depth, but limiting the cut width to allow for future 
patch placement in the model (light green lines, corresponds to the maximum defect width of 
5cm). This results in a roughly oval shaped defect (C2). In the initial ex-vivo characterization 
experiment, the dark green cut lines were followed, leading to increased defect lengths.

On the two lung specimens, a total of N=31 variations of the sequential 
amputation defect (N=10 1cm from edge, N=10 2cm from edge, N=7 3cm from 
edge and N=4 4cm from edge) and N=34 variations of the incision defect (N=10 
at 5mm depth, N=9 at 10mm depth, N=10 at 15mm depth, N=4 at 20mm depth and 
N=1 at 30mm depth) were created, N=2 for each RUL, RML, RLL, LUL and LLL. For 
the sequential amputations, a significant strong positive correlation was found 
between distance from the edge (1-4cm) and maximum bronchiole diameter in 
the defect (Pearson correlation coefficient = 0.635, P<0.001). This was also the 
case for incisional defects between incisional depth (5-30mm) and maximum 
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bronchiole diameter (Pearson correlation coefficient = 0.678, P<0.001). However, 
the incisional defect produced outliers in maximum bronchiole diameter of 
3-5mm, while the sequential amputations showed a more predictable pattern 
of bronchiole diameter increase upon further amputations. In both cases, the 
maximum bronchiolar diameter showed a significant strong negative correlation 
with the MLP. For sequential amputations, the Pearson correlation coefficient was 
-0.739 (P<0.001) and for incisional defects -0.678 (P<0.001). These relations are 
shown visually in figure S2. Based on this experimental data, it was decided that 
sequential amputation lesions will result in a more repeatable model regarding 
bronchiole diameters, and this defect was used in the following experiments. The 
RUL was no longer considered for further experiments, due to limited access and 
to increase comparability between right and left lung lesions in-vivo (RML/LUL 
and RLL/LLL lesions are more comparable regarding their geometry).

Figure S2: Sequential amputations versus incisional defects characterization. A1) Sequential 
amputations defect shows a positive correlation between cut distance from edge, which follows 
a roughly linear and predictable pattern. From 2cm distance from edge on, the 1.5mm threshold 
for a suited model is passed (green line). A2 and B2) The bronchiole diameter in the defect is 
negatively correlated with the MLP. From 1.5mm on, the MLP is consistently 5cmH2O or lower 
(green line). B1) Incisional defect show a positive correlation with the incision depth, cut following 
a less predictable pattern. As can be seen, from 15mm depth on, the 1.5mm threshold for bronchial 
diameter is passed (green line), but the 3.0mm upper limit (orange line) may also be exceeded.
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Supplement 5B - Anesthesia protocol in-vivo studies

Housing remarks
Animals were transported to the research facility from a farm one day before 
the experiment together with two buddy sheep. Housing was in accordance with 
institutional protocols, and animals were fed ad-libitum up until the surgery.

Anesthesia
In these model development studies, anesthetic protocols were being 
optimized for the acute aerostasis model, which lead to some heterogeneity in 
used methods. P1 and P2 were pre-medicated using midazolam and carprofen, 
followed by induction of anesthesia using propofol in the jugular vein. P4, 
P5, P6, E2 and E3-E6 were pre-medicated using midazolam, ketamine and 
carprofen and anesthesia was induced using remifentanil and propofol through 
an intra-venous canula. They were then intubated and put on isoflurane during 
shaving and placement of a urinary catheter. Mechanical ventilator settings 
were adjusted based on the ventilation and oxygenation requirements. Propofol 
and remifentanil titrated for adequate blood pressure regulation (target mean 
arterial blood pressure during surgery: 50-100mmHg) were used for anesthetic 
maintenance during surgery in P1 and P4, P5, P6, E2 and E3-E6, and propofol 
and sufentanil in P2. In P2, propofol was swapped out for pentobarbital halfway 
through the surgery to achieve a more stable blood pressure. Additionally, an 
arterial blood pressure line and ventilation line in the rumen (through a small 
epigastric incision in P1 and P2 and trans-esophageal in the remaining) were 
placed. The first sheep (P1) received a percutaneous tracheotomy canula to 
facilitate insertion of an endo-bronchial blocker (EZ-blocker) for single-lung 
procedures. Intermitted hyperoxygenation followed by apnea to facilitate 
defect creation on the lung was utilized for P2 and P4, P5, P6, E2 and E3-E6  
as a less complicated alternative. An intercostal block was placed in all 
animals at three levels with a combination of lidocaine and bupivacaine. After 
surgery, the sheep were placed in an abdominal position, buprenorphine was 
administered and ketamine and midazolam were infused continuously to allow 
the sheep to breath spontaneously while still under anesthesia, and propofol 
was administered if required to maintain a deep anesthetic plane. During this 
spontaneous observation period, the animal was continuously monitored by an 
experienced biotechnician. Anesthetic monitoring throughout the procedure 
included end-tidal CO2, oxygen saturation, pulse, blood pressure, arterial 
blood gasses and reflexes. At the end of the experiment, the sheep was 
euthanized by an overdose of pentobarbital.
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Supplement 5C - Histology of bronchiolar lesions

Figure S3: A) Large bronchi are noted in this section, corresponding to macroscopic bronchi 
of ∅1.5mm. Note the hyaline cartilage around the lumen. Compared to normal parenchyma 
(C, control section), the alveoli in this section appear less aerated due to intra-alveolar bleeding 
and alveolar collapse. B) Small bronchioles are seen, which appear contracted, and only a very 
small part of hyaline cartilage is seen (detail in D). However, the bronchioles in the normal 
parenchyma also have this similar contracted appearance (C).
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ABSTRACT

Objectives: More effective lung sealants are needed to prevent prolonged 
pulmonary air leakage (AL). Polyoxazoline impregnated gelatin patch (NHS-
POx) was promising for lung sealing ex-vivo. The aim of this study is to confirm 
sealing effectiveness in an in-vivo model of lung injury.

Methods: An acute aerostasis model in healthy adult female sheep was used, 
performing bilateral thoracotomy, amputation lesions (bronchioles Ø>1.5mm), 
sealant application, digital chest tube for monitoring AL, spontaneous 
ventilation, obduction and bursting pressure (BP) measurement. Two 
experiments were performed: 1) Three sheep with two lesions per lung (N=4 
NHS-POx double-layer, N=4 NHS-POx single-layer, N=4 untreated) and 2) three 
with one lesion per lung (N=3 NHS-POx single-layer, N=3 untreated). In pooled 
linear regression, AL was analyzed per lung (N=7 NHS-POx, N=5 untreated) and 
BP per lesion (N=11 NHS-POx, N=7 untreated).

Results: Baseline AL was similar between groups (mean 1.38-1.47L/min, 
p=0.90). NHS-POx achieved sealing in one attempt in 8/11 (72.7%) and in 10/11 
(90.9%) in >1 attempt. Application failures were only observed on triangular 
lesions requiring three folds around the lung. No influences of methodological 
variation between experiments was detected in linear regression (p>0.9).  
AL over initial 3h of drainage was significantly reduced for NHS-POx (median:  
7mL/min, IQR: 333mL/min) versus untreated lesions (367mL/min, IQR: 680mL/
min, p=0.036). BP was higher for NHS-POx (mean: 33, SD: 16cmH2O) versus 
untreated lesions (mean: 19, SD: 15cmH2O, p=0.081).

Conclusions: NHS-POx was effective for reducing early AL, and a trend was 
seen for improvement of bursting strength of the covered defect. Results were 
affected by application characteristics and lesion geometry.
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Introduction

Prolonged pulmonary air leakage (pPAL), an air leak that persists for more 
than five days, occurs in five to thirty percent of patients after lung resection.(1) 
pPAL is associated with an increased risk of postoperative complications (i.e. 
empyema), re-interventions, readmissions and mortality.(2-5) Hospital stay 
is on average extended with four days and hospital costs are fifty percent 
higher compared to patients without pPAL.(6) Lung sealants to prevent pPAL 
are advocated, however current sealants have not been satisfactorily proven 
to be effective on clinically relevant outcomes such as length of hospital stay, 
despite good preclinical results.(7-10) An unmet clinical need exists for a better 
product which is easily applicable, capable of hermetic lung sealing in a wet 
environment and sufficiently compliant for lung expansion.(8)

Polyoxazolines are a novel polymer group that holds promise for a lung 
sealant due to its strong adhesive and cohesive characteristics.(11-14) A specific 
formulation containing amine-functionalized and N-hydroxysuccimide 
ester functionalized poly(2-oxazoline)s (NHS-POx, GATT Technologies 
BV, Nijmegen, The Netherlands) was a highly effective hemostat when 
impregnated in a porcine gelatin carrier.(11, 12, 14) NHS-POx reacts with proteins 
on tissue and blood within the patch to form covalent bonds, creating a strong 
sealing hydrogel within minutes.(11) We have previously demonstrated lung 
sealing effectiveness with these patches ex-vivo, showing superior aerostatic 
efficacy compared to sprays based on polyethylene glycol (Progel®, Coseal®) 
and collagen patches with polyethylene glycol (Hemopatch®) or fibrin/
thrombin coating (TachoSil®).(15)

We aim to further confirm the effectiveness of the NHS-POx patch as an 
aerostatic lung sealant using a clinically relevant sheep lung injury model.

Methods

Ethical statement
Experiments were performed under a project license (AVD10300202114869) 
granted by national authorities (4-10-2021) after review by an ethics board. 
Protocols were approved by the animal welfare body and registered at our 
institute (2021-0012-002).
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Study design
The in-vivo study was performed in two phases, comparing the NHS-POx patch 
to a control group (Figure  1). Lung lesions resulting in clinically relevant PAL 
were made in anesthetized sheep, treated with NHS-POx and observed during 
spontaneous ventilation, followed by measuring air leak (AL) and bursting 
pressure (BP).(16) The first experiment was performed in three animals (E1-E3) 
with four lesions per animal, two lesions in each lung, based on a sample size 
calculation. An additional three animals (E4-E6) with two lesions per animal, 
one lesion in each lung, were included in the second experiment. Randomization 
was performed at the level of each lung, ensuring the following conditions: one 
group per lung, no two same groups per animal and each group once to each 
lung. Allocation sequence was concealed until the moment of application.

Figure 1: Study flowchart.

Anesthesia and surgery
Adult female sheep (Ovis aries) were housed with buddy sheep at least one 
day prior to surgery, and fed ad libitum. Pre-medication (ketamine and 
midazolam) was administered before induction of anesthesia (remifentanil, 
propofol, carprofen). Anesthesia was maintained using remifentanil, propofol 
and isoflurane (no isoflurane with active AL). An endo-tracheal tube, urinary 
catheter and blood pressure catheter (femoral artery) were placed.

Mechanical ventilation settings were adjusted to match ventilation and 
oxygenation requirements, maintaining pressure <25cmH2O. A right and left 



145|Proof-of-principle of polyoxazoline lung sealant in ovine model 

6

lateral thoracotomy was performed in the fifth intercostal space, starting with 
the right lung. An intercostal block was placed on three levels with lidocaine/
bupivacaine. After lesion creation and sealing, a chest tube was positioned 
apically in the thorax. In the second experiment, an additional chest tube was 
placed ventrally in the thorax. Incisions were closed airtight in layers.

Spontaneous ventilation was observed for three to four hours, under ketamine, 
midazolam and buprenorphine anesthesia. Monitoring of vital signs was 
ensured throughout the procedure and recorded every thirty minutes during 
surgery and every hour during spontaneous ventilation. Arterial blood gas 
was measured at baseline, after each lung incision and twice during the 
observation period. After observation, euthanasia was performed using a 
pentobarbital. Obduction was performed and general observations were 
noted. The lungs were further used for BP measurements (E1-E3: ex-situ 
after lung explantation, E4-E6: in-situ), and samples were taken of lesions for 
histological processing.

Defect creation and sealing
Strips of tissue at a maximum width of 5cm were removed from the right 
middle (RML), right lower (RLL), left upper (LUL) and left lower (LLL) lobes 
in steps of 0.5-1cm, until bronchioles of 1.5mm were encountered (Video  1, 
Figure 2). Hemostasis was achieved using diathermy and compression. Fibrin 
plugs were removed from the bronchiole to ensure PAL. No further treatment 
was performed in the control group. In the NHS-POx group, the lung was 
primed using phosphate-buffered saline (PBS), which improves crosslinking 
and adhesive strength. The patch was applied with overlap of at least 0.5cm 
on healthy pleura and pressure was applied for two minutes using gauzes 
drenched in PBS or saline solution. For the double layer, a second patch was 
applied, irrigating with 20cc PBS or saline solution in between the patches, 
before applying pressure. In case of application failure, remnants were 
removed and a new patch was applied (application fluids: Table 2).

After the first experiment, we observed that the RML/LUL lesions were 
more triangular in shape, causing application difficulties. These lesions are 
not clinically representative in shape and location compared to the lesions 
that generally result from lung surgery for which a sealant would be used. 
Therefore, only RLL/LLL lesions were included in the second experiment.
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Figure 2: A) Middle/upper lobe (RML/LULca) lesions are more triangular (B) and lower lobe (RLL/
LLL) lesions are more oval (C). Reused/adapted with permission from AME Publishing Company.[16]

Outcome measures
Baseline AL was measured by registering tidal volumes for fifteen breaths 
(RR 15/min, PEEP 5cmH2O, PPlat 15-20cmH2O). Minimal leaking pressure (MLP) 
was determined by adjusting PEEP (steps of 1cmH2O, starting at 10cmH2O). 
Sealing success was defined by absence of bubbles after irrigation with saline 
directly after application. Postoperative AL was measured using a digital 
drainage system (Thopaz®, Medela, Baar, Switzerland). BP (pressure at first 
visual bubbles) is determined post-mortem, by increasing ventilation pressure 
with 5cmH2O every sixty seconds (respiratory rate 12/min, PEEP 5cmH2O, I:E 1:2, 
Pc 15cmh2O).(15) For control lesions or sealed lesions with persistent leakage, 
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MLP was determined and analyzed as a BP value. Failure mechanism was noted 
as adhesive (leakage between the sealant and lung) or cohesive (leakage within 
the sealant). Histology samples were stored in 4% formaldehyde, embedded in 
paraffin, sliced in (4μm) and stained with hematoxylin-eosin. The slices were 
analyzed for signs of acute adverse inflammatory response.

Data analysis
Postoperative AL data was imported using ThopEasy+ software (Medala, 
Baar, Switzerland), giving mean AL values (mL/min) every ten minutes. Mean 
postoperative AL was calculated over the first three hours. This asynchronous 
interval was chosen to facilitate interpretation in the context of time-dependent 
intrinsic sealing.(16) Intraoperative baseline AL (mL/min) based on the 
mechanical ventilator was calculated as: 𝐴𝐴𝐴𝐴 =

∑ (𝑇𝑇𝑇𝑇𝑇𝑇! − 𝑇𝑇𝑇𝑇𝑇𝑇!)"
!#$

5
						𝐴𝐴𝐴𝐴%&''(%)(* = 𝐴𝐴𝐴𝐴+(,-&. − 𝐴𝐴𝐴𝐴/0,(+-.(  x RR.(17) This was 

corrected for AL measured before lesion creation as:𝐴𝐴𝐴𝐴 =
∑ (𝑇𝑇𝑇𝑇𝑇𝑇! − 𝑇𝑇𝑇𝑇𝑇𝑇!)"
!#$

5
						𝐴𝐴𝐴𝐴%&''(%)(* = 𝐴𝐴𝐴𝐴+(,-&. − 𝐴𝐴𝐴𝐴/0,(+-.(  .  

As the sample size was small and possible differences are detectable  with 
more power on a continuous scale, we used linear regression to estimate 
differences in mean postoperative AL and BP between sealing and non-sealing 
while correcting for experiment heterogeneity (using the intervention group 
and experiment number as predictors). NHS-POx samples were pooled and 
compared to control lesions (Figure 1). Log- and square root transformations 
were considered if this made the regression residuals better normally 
distributed. Significance was considered if p<0.05 for predictors in the analysis. 
Baseline values were compared between groups using an independent samples 
T-test or Fischer’s exact test with a significance level of 0.05. IBM SPSS 
Statistics 27 (Armonk, New York; IBM Corp) was used for statistical testing.

Results

At baseline, lesions resulted in similar intraoperative AL (mean 1.38-1.47 L/
min, p=0.90; all Macchiarini grade 3) and bleeding (mean grade 3.3-3.8, 
p=0.27). A tension pneumothorax developed in one animal (E2) during the 
second thoracotomy and resolved by putting the sheep in an abdominal 
position and finishing the procedure in this position. Baseline characteristics 
are shown in Table 1.

Sealing using NHS-POx was achieved in 8/11 (72.7%) cases in one attempt 
(p=0.004) and in 10/11 (90.9%) cases in >1 attempt (p<0.001) compared with 
negative controls. Failures to apply the patch in one attempt occurred on lesions 
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Table 1: Baseline characteristics 

NHS-POx 
sealed (N=11)

Control (N=7) P-value

GENERAL CHARACTERISTICS 

Animal 
     Weight (kg) 
     Age (months)

73.6±6.2
23±11.5

74.7±7.8
28±11.7

0.75
0.37

Timing 
     Spontaneous ventilation (hh:mm)
     Drainage duration (hh:mm)

3:51±0:26
6:12±2:04

3:43±0:31
6:15±2:55

0.58
0.96

Lesion side (n) 
     RML 
     RLL 
     LUL 
     LLL

2
4
2
3

1
2
1
3

p>0.99

LESION CHARACTERISTICS

Visual assessment
     Bleeding (SBSS grade)[28] 
     Air leak  (Macchiarini grade)[29] 
     Minimal leaking pressure (cmH2O) 

3.8±0.9
3±0
5±2

3.3±1.1
3±0
5±1

0.27
-
0.85

Lesion dimensions 
     Cut distance from edge (cm) 
     Bronchiole diameter (mm) 
     Length (mm) 
     Width (mm)

3.4±1.0
1.5±0.2
57±17
18±5

3.9±1.1
1.6±0.2
59±15
23±6

0.31
0.75
0.79
0.052

Mechanical ventilator measurement
     Baseline AL (L/min) 1.38±0.98 1.47±2.09 0.90

ANESTHESIA PARAMETERS 

During surgery  
     Heart rate (bpm) 
     Mean arterial blood pressure (mmHg) 
     Temperature (°C)

107±5
89±6
37.7±0.4

105±6
90±8
37.9±0.2

0.53
0.65
0.11

Observation period 
     Heart rate (bpm) 
     Mean arterial blood pressure (mmHg) 
     Temperature (°C)
     Respiratory rate (bpm)
     Tidal volume (mL)

115±9
106±17
38.5±0.4
54±5
197±44

114±12
102±21
38.2±0.3
54±7
191±56

0.81
0.66
0.17
0.77
0.81

BIOCHEMICAL PARAMETERS 

Coagulation 
     ACT (s) 115±10 117±12 0.71

Blood gas 
     pH 
     pO2 (kPa) 
     pCO2 (kPa)  

7.35±0.07
21.9±7.8
6.9±0.5

7.34±0.09
23.5±9.6
6.9±0.7

0.71
0.71
0.97

Analysis per sample, multiple samples tested in one animal. Presented as mean and standard 
deviation. Statistical testing with independent samples T-test or Fischer’s exact test. 



149|Proof-of-principle of polyoxazoline lung sealant in ovine model 

6

with a triangular shape (RML/LUL lesions, Figure 2, Table 2). Saline seemed to 
result in less unwanted sticking of the patch to the gauzes compared to PBS 
application fluid (Table  2, no application failures with saline). Compression 
atelectasis was observed after application (Figure 4).

Sealing with NHS-POx was associated with a lower postoperative AL (median: 
7mL/min, IQR: 333mL/min) compared to the control group (median: 367mL/
min, IQR: 680mL/min, p=0.036) in multivariable linear regression analysis. 
There were no effects of heterogeneity between the experiments in this 
analysis (i.e. one versus two lesions per lung) (p=0.936) (Figure  3). Average 
postoperative AL was <20mL/min in 5/7 (71.4%) of NHS-POx sealed lungs, 
while always (5/5) being >20mL/min in the control lungs. Control lungs 
showed intrinsic sealing (cessation of leakage with AL <10mL/min) during 
the observation period in 3/5 (60%) cases, within a mean of 2:57h (SD: 1:45h) 
after start of drainage.

Figure 3: A) Air leak over first three hours of drainage (linear regression analysis on the natural 
logarithm of the air leak) B) Bursting pressure after obduction (linear regression analysis on the 
square root of the bursting pressure). 

*p<0.05.
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Table 2: Aerostatic findings 

ID Group AL  
(mL/min)a

Lobe(s) Sealant Fluids Acute sealing BP 
(cmH2O)b

EXPERIMENT 1

E1 R Seal. 3 RML NHS-POx single PBS Yes, 2nd attempt 50

RLL NHS-POx single PBS Yes 30

L Seal. 2 LUL NHS-POx double PBS Yes 35

LLL NHS-POx double PBS Yes 20

E2 R Cont. 886 RML Untreated N/A N/A 9d

RLL Untreated N/A N/A 4d

L Seal. 336 LUL NHS-POx single PBS / saline No, 4th attempt 20

LLL NHS-POx single Salinec Yes 40

E3 R Seal. 14 RML NHS-POx double PBS / saline Yes, 2nd attempt 40

RLL NHS-POx double PBS / saline Yes 25

L Cont. 913 LUL Untreated N/A N/A 15

LLL Untreated N/A N/A 45

EXPERIMENT 2

E4 R Cont. 267 RLL Untreated N/A N/A 29d

L Seal. 7 LLL NHS-POx double Salinec Yes 60

E5 R Seal. 6 RLL NHS-POx double Salinec Yes 40

L Cont. 173 LLL Untreated N/A N/A 23d

E6 R Seal. 1202 RLL NHS-POx double Salinec Yes 4d

L Cont. 367 LLL Untreated N/A N/A 6d

aNot normalized for number of leaks. 
bE1-E3 ex-situ measurements, E4-E6 in-situ measurements 
cCombined with PBS priming 
d�Measured using minimal leaking pressure protocol by adjusting PEEP in 1cmH2O steps
AL: average air leak over first 3h of drainage; BP: bursting pressure; L: left; R: right; RML: right 
middle lobe; LUL: left upper lobe; RLL/LLL: right/left lower lobe; PBS = phosphate-buffered saline. 

BP was higher for the NHS-POx group (mean: 33, SD: 16cmH2O) compared to the 
control group (mean: 19, SD: 15cmH2O), without reaching statistical significance 
in the linear regression analysis (p=0.081) (Figure 3). There were no effects of 
methodological differences (i.e. ex-situ versus in-situ measurements) between 
experiments in this analysis (p=0.985). BP was >30cmH2O in 7/11 (63.6%) of 
NHS-POx cases and in 1/7 (14.3%) control cases (Table 2). Mode of failure was 
cohesive in 10/11 (90.9%) NHS-POx sealed cases (examples Figure 4B/D).
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Figure  4: A) Patch on a middle/upper lobe lesion. B) Mode of failure double patch. Dome 
formation was seen, with cohesive tear through the dome (half of dome cut away). Arrow 
pointing at bronchiole. C) Double patch after application, showing atelectasis and folding of lung 
parenchyma (white arrow). D) Mode of failure of patch in (C), showing cohesive failure due to 
lung expansion (dotted lines).

At sacrifice, intra-thoracic migration of a small piece was seen in three NHS-POx 
samples (E3R and E4L). In one sheep (E2), a small encapsulated abscess was 
seen at obduction distant from the lesions, without clinical symptoms. Some 
swelling of the patch was observed, and appeared lower in the second experiment 
due to the ventral chest tube (which prevented pooling of fluids around the 
patch). The patch could be removed using manual dissection or tweezers without 
tearing the underlying lung, and appeared less adhesive and cohesive compared 
to right after application. Intra-thoracic bleeding was observed during lung 
explantation procedures in the first experiment. Morphological analysis revealed 
a response consistent with the created lung injury (collapsed parenchyma, fibrin 
depositions, neutrophile infiltration). No major acute inflammatory reactions to 
the foreign body were observed (Figure 5).
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Figure 5: A) Example of pleural interface, showing tight adhesion and normal alveoli. B) Detail  
of (A), showing influx of neutrophilic granulocytes (arrows).

Discussion

We have investigated the performance of novel NHS-POx coated gelatin patches, 
demonstrating proof-of-principle for lung sealing applications in anesthetized 
sheep mimicking the clinical situation. In the majority of cases, clinically severe 
baseline ALs, on average measuring >400mL/min on the mechanical ventilator, 
could be sealed with only one application of the patch.(18) Postoperative AL 
during the follow-up period was significantly reduced compared to non-treated 
lung lesions, and the bursting strength of the covered lesions tended to be better 
than the controls, indicative of treatment effectiveness.

The patch could be effectively molded around a single lung edge and proved 
compatible with thoracotomy based application to the lung. Only one adhesive 
failure was noted, confirming adequate adhesion to the tissue.(8) In contrast, 
the currently most studied lung sealing patch (TachoSil®) showed mainly 
adhesive failures in preclinical studies.(15, 19, 20) For lung sealing, an optimal 
balance is required between adhesive and cohesive forces, but a cohesive 
failure mechanism may be advantageous. In our previous study, we noted 
patches with an adhesive failure mechanism generally lost all sealing potential 
upon bursting, while samples with cohesive failure mechanisms show gradual 
loss of sealing potential due to strong adhesion to the leaking surface.(15)
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Issues regarding surgical application need to be addressed. Firstly, excessive 
adhesion of the application gauzes to the patch were seen, and the application 
fluids were adjusted consequently (Table  2). Secondly, double layer patch 
application was associated with sealant failure. As irrigation is required between 
the patches to ensure cohesion, no immediate pressure is applied, allowing an air 
pocket to form and ultimately causing dome formation and cohesive tearing.(15) 
Thus, while aerostatic proof-of-principle has been shown, optimizations are still 
required in the precise application method to resolve these problems.

Application failures were only seen on triangular lesions, which is an 
unconventional geometry in clinical practice.(19) Comparison of sealant efficacy 
on various geometries is not well studied, but lesions requiring several folds 
around edges seem inherently less suited for patch application. Conceptually, 
spray based sealants with high viscosity might be a better alternative in 
such cases.(21) The sealing efficacy of the patch might be higher on other 
lesion geometries which were not studied in the current experiment, such as 
superficial pleural lesions and dissected fissures.(15)

A higher BP was observed for the NHS-POx samples, without reaching 
statistical significance. During lung explantation for ex-situ measurements, 
intra-thoracic bleeding and blood contact of the control lesions was observed, 
which may have increased BP, while the manipulations required to explant 
the lung might have caused damage to the sealants, lowering the BP. As a 
consequence, we hypothesize that a significant difference would have been 
demonstrated, when all measurements were performed in-situ.

Comparison of current findings to relevant literature is difficult, due to many 
studies lacking a standardized model of PAL, appropriate control groups and 
quantitative outcome measures.(22, 23) Intrinsic healing mechanisms in healthy 
animals may invalidate results if no control groups are used.(16) Because AL is 
mainly due to alveolar leakage in patients with emphysema, the translational 
value from healthy animal lungs remains unclear, and lung sealing results may 
be overestimated due to a lower crosslink density in emphysema.(1, 16, 24)

In the present study, the primary aim was to investigate the effectiveness 
of the novel patch to seal AL in-vivo. No comparison to similar devices was 
performed, but superior BP was previously measured ex-vivo.(15) Further 
in-vivo comparison to gold-standard products should be performed for 
benchmarking. Clinically, the best studied patch is the fibrinogen-thrombin 
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coated collagen patch (TachoSil®).(20) Gel/spray sealants, such as the novel 
human serum albumin/polyethylene glycol spray (Progel®) appear less suited 
for comparison to a patch, due to the aberrant mode of application.

We showed that 5/7 (71.4%) patches had <20mL/min postoperative AL. For 
comparison, several studies with negative control groups and AL measurements 
should be pointed out, showing on the whole comparable results. Ranger et. al. 
used similar lesions in healthy dogs, testing a photopolymerizable gel, which 
remained aerostatic in 80% over a 24h period.(22) Kjaergard et. al. measured AL for 
two hours over a bilateral upper lobe wedge resection, demonstrating average 
92% AL reduction for an autologous fibrin sealant.(9) McCarthy et. al. used large 
parenchymal lesions in dogs, which were either left untreated or sealed with a 
fibrin glue, demonstrating average 19.8% vs 80.8% AL reduction from baseline.(25)

With regard to safety, no major acute adverse inflammatory or allergic 
reactions were observed. Other studies have shown biocompatibility and 
biodegradability within six weeks for intra-abdominal use, and the polymers 
are renally excreted.(12-14) However, the present experiment has limited 
value with regard to demonstrating safety for intra-thoracic use. Organ-
specific safety considerations should be further scrutinized in longer-term 
experiments, relating to biodegradation as a function of underlying tissue 
healing, material migration, foreign body response and impact on adhesion 
formation, lung expansion and atelectasis.

Macroscopically, swelling appeared to impact the adhesive-cohesive matrix 
integrity at sacrifice, which could be indicative of rapid degradation. This 
might pose a safety issue in the direct post-operative period for re-leakage. 
Swelling occurs due to the hydrophilicity designed to enhance blood uptake 
for hemostatic purposes, but will be mainly due to water uptake in primary 
air leaks.(11) This increases the polymer chain separation which weakens the 
secondary intermolecular forces, and enhances hydrolysis of amide and 
thioester bonds.(13, 26, 27) The specifications with regard to degradation speed as 
a function of underlying tissue healing are unknown in the context of pPAL, and 
should be further investigated in longer-term models.

These experiments consist both model development as well proof-of-principle 
of a new lung sealant in a live animal model, forming the basis for further 
investigations. Methodological variation between the experiments and a small 
sample size are inherent limitations to this approach. By use of linear regression 
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analysis and pooling of all NHS-POx samples, we were able to account for this 
variation. This approach is in our opinion most appropriate ethically, ensuring 
optimal research returns while reducing the amount of animals required.

Postoperative AL data was analyzed per lung over the first three hours of 
drainage, to allow for meaningful interpretation of AL in the context of rapid 
intrinsic sealing mechanisms. Consequently, right lung lesions were mainly 
exposed to positive pressure ventilation in lateral decubitus positions, and 
left lung lesions to physiological breathing in abdominal position, which 
could impact AL. These effects appear to have been mitigated by use of 
randomization, as no clear AL differences are seen as a consequence (Table 2).

Treatment options for severe AL remain limited to sutures or staplers, which 
might be insufficient due to tissue tearing in lungs with compromised integrity 
(e.g. emphysema, advanced age, corticosteroid use).(10) The capabilities of this 
patch for sealing clinically severe AL without the additional support of sutures 
or staplers are therefore promising. However, before clinical applications, 
further study is required. The single-patch should be improved to replace the 
double patch, and application method should be optimized to minimize sticking 
to gauzes. Carrier materials which resemble the lung regarding elasticity and 
compressibility may be considered. Comparison to currently available similar 
devices is required for benchmarking. Finally, in-vivo biodegradability, safety and 
healing of underlying tissue should be studied in longer-term survival models.

Conclusions
In conclusion, NHS-POx technology may be a potent lung sealant, based on 
effective reduction of severe ALs in a subacute model. The mode of application 
needs to be optimized to meet the specific demands of a lung sealant. Further 
research is required for longer-term aerostatic efficacy, biodegradability and 
safety, before clinical use.
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ABSTRACT

A lung sealant based on a porcine gelatin carrier impregnated with 
N-hydroxysuccimide ester functionalized (NHS-POx) and nucleophilically 
activated (NU-POx) poly(2)oxazolines was shown to be efficacious ex-vivo 
and in-vivo. We investigate the local biocompatibility. Three groups, NHS-
POx, fibrin patch (TachoSil®) and untreated control, are randomly applied to 
lesions on the right lung (n=3/lung) of adult female domestic sheep, which 
are sacrificed for blinded histological assessment at 5, 14 and 42 days (n=4 
animals per term). Semi-quantitative scoring (scale 0-4) was performed 
on immune cell subtypes (polymorphonuclear cells, lymphocytes, plasma 
cells, macrophages, giant cells, necrosis) and biomaterial response (fibrosis, 
neovascularization, fatty infiltrate). Post-hoc analysis was performed for a 
suspected labeling mistake and adapted datasets were obtained (6 weeks). 
The total cell response score was significantly higher for NHS-POx versus 
control (score: 11.5 [9-13] vs 7 [6-8], p=0.005) at five days, and for fibrin patch 
versus control (score: 14 [12-17] vs 7 [5-8], p=0.022) at 2 weeks. At 6 weeks, 
cell response was similar between groups (p=0.22), with outliers due to 
granulomatous inflammation to residual patch (n=1 fibrin patch and n=1 mix-
up sample likely fibrin patch). Wound healing, fibrosis and neovascularization 
were similar across groups, showing local pleural thickening. NHS-POx patch 
showed mesothelial coverage at 2 weeks and was macro- and microscopically 
completely degraded at 6 weeks with replacement of the patch material with 
extracellular matrix (adapted data). In conclusion, NHS-POx patch shows a 
comparable to favorable biocompatibility profile compared to fibrin patch, and 
is a potent candidate for clinical lung sealing applications.
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Introduction

Lung resections can result in pulmonary air leakage (PAL) after surgery, 
especially in patients with diseased lungs, such as in emphysema.(1, 2) 
Prolonged PAL (pPAL), defined as PAL lasting longer than five days, occurs in 
up to 30% of patients.(1) pPAL is associated with a more adverse postoperative 
course, including increased risk of infections (e.g. empyema: odds-ratio 
[OR] = 8.5), re-admissions (OR = 2), re-interventions (4.8%) and a higher 
mortality (OR = 1.9).(3-8)

A potential solution to pPAL is the intraoperative application of lung sealants, 
but their routine use is not recommended.(9, 10) There is some evidence for 
potential benefits, for example, a reduction in hospital stay of ~2 days has 
been shown in a meta-analysis for a fibrin-thrombin patch (fibrin patch, 
TachoSil®).(11) However, there are still improvements to be made with regard 
to adhesive strength and efficacy. As an example, the average length of 
stay increase is four days in patients with pPAL, indicating a possible gap in 
effectiveness.(8) Another downside is the use of humane fibrin and thrombin, 
which is a costly process that requires plasma donors. So, there currently is 
an unmet clinical need for a more effective lung sealant, preferably based on 
synthetic components that are easy to produce, with a favorable biodegradation 
profile while not causing an excessive immune response.(12)

A novel bio-adhesive patch, based on a porcine gelatin carrier impregnated with 
N-hydroxysuccimide ester functionalized poly(2)oxazolines (NHS-POx) and 
nucleophilically activated polyoxaxolines (NU-POx), might be promising (NHS-
POx patch, GATT-Technologies B.V., Nijmegen, The Netherlands).(13-15) Initial 
preclinical investigations have demonstrated effective use on liver bleedings, 
and the patch is currently being tested in clinical trials for this indication 
(ClinicalTrials.gov Identifier: NCT04819945 and NCT05385).(16) The mechanism 
of action is based on covalent bonds between NHS-POx and tissue amines, 
crosslinking of NHS-POx with amines within the gelatin carrier and NU-POx, and 
synergistic action with coagulation mechanisms due to blood uptake.(13, 15)

Our research group has previously tested the effectiveness of the NHS-POx patch 
for lung sealing purposes in an ex-vivo porcine lung model, showing superior 
aerostatic properties compared to commercially available sealants such as the 
fibrin-thrombin patch (TachoSil®) and favorable mechanical properties.(17) 
Further investigations confirmed the sealing capabilities in a translational 
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animal model of large air leaks (>400mL/min) (unpublished data). Therefore, 
the NHS-POx patch might be a promising solution to the problem of pPAL.

However, the specific safety profile for intra-thoracic application of the NHS-
POx patch, in terms of biodegradation and inflammation, is unknown. Previous 
safety experiments in a rat model have shown that the NHS-POx polymer 
degradation products are renally excretable.(18) Experiments in a porcine 
model of intra-abdominal application showed complete degradation of NHS-
POx impregnated gelatin patches in 4-6 weeks, with comparable histological 
response to control patches (including TachoSil®).(16)

The aim of the present study will be to assess the biocompatibility and safety 
characteristics of the novel NHS-POx patch for lung sealing applications, 
compared to a clinically used control patch (fibrin patch, TachoSil®), by 
examining local tissue inflammatory (foreign body) response, healing and 
material biodegradation.

Materials and methods

Study design

Experimental layout
A translational large animal (ovine) model of superficial parenchymal lung 
injury was used, comparing the novel NHS-POx patch to a positive control group 
(fibrin patch, TachoSil®, Takeda Pharmaceutical Company Limited, Tokyo) and 
an untreated negative control group. Animals were sacrificed at five days, two 
weeks and six weeks. Primary outcomes include histological response, healing 
and material biodegradation. Secondary outcomes include adhesion formation, 
material migration and adverse events. Three groups are tested per animal, 
ensuring each group is applied at least once on each predefined injury location 
per survival term. Researchers are blinded to group allocation until the moment of 
biomaterial application. A sample size of four per group per survival term is chosen 
for feasibility purposes, resulting in a total of 36 lesions in 12 sheep (Figure 1).

Lung lesions and biomaterial application
Standardized lesions are created in the same order: the right middle lobe 
(RML), right lower lobe ventral aspect (RLLv) and right lower lobe dorsal 
aspect (RLLd) (Figure 1). At a constant inflation pressure of 10cmH2O, a 
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25x25mm square is cut using a scalpel (#15) limited to 3mm depth in a clamp, 
followed by visceral pleura removal and an additional 6x6 perpendicular cuts in 
this square. Baseline air leakage (Macchiarini scale, minimal leakage pressure 
[MLP]) and bleeding (surface bleeding severity scale [SBSS]) are recorded, 
and hemostasis is reached with gauze compression. (19-21) For the NHS-POx 
patch (5x5cm), the lung is primed using phosphate-buffered saline solution, 
followed by applying pressure with saline-wetted gauzes for 30s, removal of 
the gauzes and reapplying pressure for another 90s. The fibrin patch is applied 
using saline-wetted gauzes for three minutes. The lung is kept at 5cmH2O 
static pressure during patch application, but ventilation is resumed if required.

Based on prior experiments, it is known that the lesions do not result in PAL due 
to intrinsic sealing, which facilitates the use of untreated lesions to compare the 
pathological mechanisms without necessitating prolonged chest drainage.(19)

Figure 1: A) Study design. B) Anatomical locations ensure adequate distance from the 5th 
intercostal space incision (blue dotted line). Lesions are made on the right middle lobe (RML), 
right lower lobe, ventral diaphragmatic segment (RLLv) and the right lower lobe, dorsal-caudal 
segment (RLLd).

Animal procedures

Ethical statement
All animal experiments were performed under a project license granted by 
national authorities after review by an independent ethics board. Protocols 
were approved by the animal welfare body and registered at our institute, in 
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accordance with relevant national and international legislation (EU Directive 
2010/63/EU). The experiments were carried out using the ARRIVE 2.0 guidelines.

Animals and housing
Adult female domestic sheep (Ovis aries, weight 55-90kg, age 23-52 months) 
are hoof trimmed, sheared, treated with Spotinor Pour-On (to prevent 
ectoparasites) and housed in standard laboratory pens with a thick layer of 
sawdust bedding (4.5x2.5m for two animals, ambient temperature ~18-21°C, 
12h light/dark cycles). They are fed hay ad libitum and have continuous access 
to drinking water, and are additionally fed standard pellets. During housing and 
transportation, animals are always accompanied by at least one buddy sheep. 
Animals are transported to the laboratory at least one day before surgery, and 
in the 2 and 6 week groups, transported back to the farm at least five days post-
operatively, and housed with a flock of sheep until being transported back for 
sacrifice. The housing conditions at the farm included a large stable (12x5m, 
hay bedding, large open doors and natural ventilation, willow branches as 
cage enrichment), ad libitum hay and water, and are fed additionally pellets, 
beet pulp and mineral lick. Female sheep were chosen because they are not 
aggressive when housed in groups, and no relevant influences of sex are 
expected on biocompatibility outcome measures.

After histologically encountering a parasitic lung infection following the 
first two experiments, the remaining animals were separated from the 
larger flock to a clean stable and treated prophylactically with ivermectin 
subcutaneously (20mg).

Anesthesia, analgesia and antibiotic prophylaxis
Pre-medication included midazolam (0.7 mg/kg) and ketamine (10 mg/kg) 
intramuscularly. Anesthesia was induced using propofol (2 mg/kg), methadone 
(0.2 mg/kg) and ketamine (1 mg/kg) intravenously, and maintained using 
propofol, ketamine (0.2 mg/kg/h), remifentanil (0.06 mg/kg/h) and isoflurane. 
Doses were titrated to maintain the mean arterial pressure between 50-
100mmHg. Antibiotic prophylaxis included amoxicillin (10 mg/kg) intravenously 
thirty minutes before incision, and ampicillin (15 mg/kg) intramuscularly after 
surgery and again after 48 hours. Multi-modal analgesia included meloxicam 
(0.5 mg/kg) intramuscularly during induction and daily for the first five days 
postoperatively (orally 0.4mg/kg), magnesium sulphate (40mg/kg) intravenously 
during surgery, fentanyl (100 µg/h) applied trans-dermally during induction 
and an intercostal block at three levels using ropivacaine (1.5mg/kg). In case of 
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discomfort post-operatively, additional ketamine (0.5 mg/kg) was administered 
intramuscularly (Supplement 7A, Table A1). In the first animal, a slightly different 
variant of this anesthesia protocol was used (Supplement 7A, Table A2).

Surgical procedures
Animals were shaven, washed with soap containing chlorhexidine gluconate 
(40 mg/ml. HiBiSCRUB®) and disinfected using povidone-iodine solution (100 
mg/ml, Betadine®). Blood pressure was measured using a percutaneous or 
surgically placed intra-arterial line in the groin. Surgery was performed by 
a board-certified surgeon (R. ten Broek). After sterile draping, an incision 
was made in the right hemithorax in the fifth intercostal space through skin, 
subcutaneous muscle and subcutaneous fat. The latissimus dorsi muscle 
was split in the direction of the muscle fibers and the serratus anterior 
muscle was mobilized (muscle sparing approach). The thorax was entered 
in the fifth intercostal space and two perpendicular retractors were used for 
exposure. After experimental procedures, airtight closure was obtained in 
layers: transcostal sutures (2 Vicryl), latissimus dorsi (0 Vicryl), subcutaneous 
muscle (2-0 Vicryl) and skin (4-0 Monocryl).(22) A silicone chest tube was 
placed apically in the thorax (size Ch30). The anesthetic depth was lowered 
to allow for spontaneous ventilation, and the chest tube was removed when 
there was no relevant air leak (<10-20mL/min), as assessed by digital chest 
drainage (Thopaz®, Medela, Baar, Switzerland). Wounds were sprayed with 
chlortetracycline hydrochloride (2.45% w/W, CTC spray) for prevention of 
wound-infections and the sheep was allowed to recover in the pen.

Post-operative monitoring and euthanasia
Post-operatively, animals are checked using welfare monitoring lists, by 
scoring activity, social interaction, fur, dehydration, breathing, nose, eyes, 
feces, movement/gait, grimace, posture, eating/drinking and wound healing 
(0: normal, 1: slightly abnormal, 2: abnormal, max 26 points total). In case 
of aberrant breathing, lung auscultation is performed in combination with 
pulse oximetry to assess for a significant pneumothorax. For euthanasia at 
different timepoints, animals are administered ketamine and midazolam for 
anxiolysis, followed by an overdose of pentobarbital intravenously. Humane 
endpoints were defined in the institutional protocol and included severe 
weight loss (>20%), fever or infections (>3 days), apathic behavior (>1 day), 
diminished food or fluid intake (1-2 days), changes in defecation (>3 days), 
aberrant breathing (>3 days), prolonged air leak (>5 days) or pneumothorax 
and prolonged need for analgetic medication (>7 days).
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Post-mortem procedures

Obduction and macroscopy
Obduction is performed through a median sternotomy, with right subcostal 
extension for exposure of all lesions. Macroscopic findings are systematically 
recorded and photographed. Presence of biomaterial migration is inspected 
before and after manipulation of the lung. Adhesions of the lesions are graded 
using the Zühlke classification (scale 0-4).(23) Any other adverse findings are 
recorded. Pictures and histology were taken after lung explantation or in-
situ after further incision extension, as determined ad hoc by the method that 
would results in the least risk of manipulating the tissue around the lesions.

Histology: sampling, processing and scoring
Histology samples are taken for systematic scoring: two per sealant (centrally 
through lesion and with healthy pleural overlap), one centrally through lesion 
for negative control (Supplement 7B, Figure B1). Additional samples were 
taken for qualitative analysis, including sections of unaffected lung tissue, 
parietal pleura, lymph nodes and other macroscopically relevant lesions. All 
samples were stored in 4% formaldehyde, embedded in paraffin, sliced in 
4μm thick sections and stained with hematoxylin-eosin staining. Slices were 
digitalized using the Pannoramic 1000 (3DHISTECH, Budapest, Hungary) and 
assessed using CaseViewer software (3DHISTECH, version 2.4).

Sections for systematic scoring were assessed in a randomized and blinded 
fashion by a researcher (B. Hermans) and a board-certified pathologist 
(S. Vos), and consensus was reached after independent grading. In or directly 
adjacent to the pleura and biomaterial, cell response (polymorphonuclear 
cells, lymphocytes, plasma cells, macrophages, giant cells, necrosis) and 
biomaterial response (neovascularization, fibrosis, fatty infiltrate) were 
graded semi-quantitatively (scale 0-4) (Supplement 7B, Table B1, based on 
ISO 10993-6:2016).(24) Total response is calculated as the sum of cell response 
and biomaterial response. Healing was graded according to the Shafer criteria 
(1: very light healing, 2: moderate healing, 3: advanced healing, 4: well-
organized).(25) Biodegradation was assessed semi-quantitatively (on central 
slides and macroscopic photos), estimating the proportion of the patch 
remaining at the application site (0: no material remaining, 1: 1-10%, 2: 11-25%,  
3: 26-50%, 4: 51-75%, 5: 76-100%) in comparison to control samples of 
both patches right after application. Qualitative pathological descriptions 
were obtained.
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Due to the unexpected encounter of chronic granulomatous inflammation due to  
a parasitic infection in the lung parenchyma, additional scoring was obtained to 
assess impact on the primary study outcomes. These were assessed in the lung 
parenchyma and included: granulomatous inflammation and associated presence 
of eosinophils and parasites, smallest distance from granuloma to pleura (mm) 
and eosinophilia at the pleural interface (scale 0-4: absent, rare, minimal, 
moderate, packed). Granulomas were sometimes located right below the pleura. 
In these cases, the inflammatory response associated with this granulomatous 
reaction was not counted towards the protocolar histological scoring, which was 
possible due to clear histological distinguishability (Supplement 7C, Figure C3).

Data analysis
Primary outcome measures, including histological (cell response, biomaterial 
response, total response), healing and biodegradation scores, are compared 
between groups within each survival term. Histological scores are compared 
between central and pleural overlap slides within sealant groups, while all 
comparisons between groups are made based on central histological slides. 
Relevant qualitative findings in the pathological descriptions are counted and 
presented as frequencies.

Dichotomous data is presented as frequencies and comparisons are made 
using Fisher’s exact test (between animal comparisons) or Cochran’s Q test 
(within-animal comparisons between groups). Interval or continuous data 
is presented as median and range and comparisons are made using Kruskal-
Wallis test (between animal comparisons) or Friedman’s test (within-animal 
comparisons between groups). Tests are performed two-tailed at an alpha of 
0.05. A closed testing procedure is used for pairwise comparisons, so pairwise 
comparisons are only performed in case the overall test for the three groups 
is significant. Pairwise comparisons are performed using a Wilcoxon Signed-
Rank test at an alpha of 0.05. Statistical testing is performed using SPSS 
(version 29, Armonk, New York, USA; IBM Corp).

Post-hoc analysis
Because residual patch material in a sample from the NHS-POx group at six 
weeks showed typical histological resemblance to the fibrin patch, additional 
post-hoc analysis (after blinded grading) was performed to identify whether 
an accidental mix-up could have occurred based on: 1) analysis of notes taken 
during experiment and photos taken during obduction, 2) additional staining 
based on ‘Elastin according to Masson (EvM)’ staining, resulting in blue/
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green staining of collagen fibers such as in the fibrin patch and 3) blinded 
histological sample grouping task by an independent pathologist not related 
to the study project based on H&E and EvM staining. Results from this analysis 
were combined in an ‘adjudication report’ which was also assessed by an 
independent surgeon not related to the study project.

Results

General observations: surgery, post-operative course, obduction
The surgical procedure was successful in all twelve animals, creating a total 
of 36 lesions. Characteristics were similar over all time points, except weight 
gain and estimated operative blood loss (Table 1). In two animals (5 day and 
6 week groups), dense adhesions were found during surgery, resulting in 
iatrogenic lung lacerations during mobilization that were sutured (Supplement 
7C, Table C5). Lesions produced similar baseline bleeding and air leaks across 
groups, but air leak varied significantly based on lesion location (Supplement 
7C, Table C1-C2). Chest tubes were removed in the operating room and post-
operative recovery was prosperous (Table 1). All animals survived the follow 
up period, and there were no major complications that were attributed to the 
tested biomaterials. Several complications that did not require additional 
interventions were noted (Table 1, Supplement 7C, Table C3). Other minor 
protocol deviations are described in Supplemental 7C (Table C5).

Table 1: Animal baseline characteristics

5 days (n=4) 14 days (n=4) 42 days (n=4) P-value

Procedure characteristics

Weight (kg)
     Baseline
     Obduction
     Change

74.6 (56.3-87.6)
73.6 (55.8-85.5)
-1.0 (-2.1, -0.5)

76.6 (61.3-89.4)
78.2 (62-89.4)

0.9 (0-2.3)

71.5 (67.5-79)
77.6 (71.9-78.8)
4.7 (-0.2 – 7.4)

0.78
0.78

0.018

Age (months) 37 (23-48) 33 (25-51) 38 (28-52) 0.87

Disease symptoms (n, %)1

     Any
     Lung related

2 (50%)
0 (0%)

2 (50%)
0 (0%)

2 (50%)
0 (0%)

>0.99

Surgery characteristics
     Surgery duration (min.)
     Pmax (cmH2O)
     �Estimated blood loss 

(mL)2

     Rib fracture (n, %)
     �Iatrogenic lung 

laceration (n, %)

182 (152-193)
28 (20-31)

250 (50-300)

2 (50%)
1 (25%)

128 (116-160)
20 (20-22)
15 (10-20)

1 (25%)
0 (0%)

129 (117-257)
21 (20-22)

70 (50-350)

1 (25%)
1 (25%)

0.16
0.14

0.023

>0.99
>0.99
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5 days (n=4) 14 days (n=4) 42 days (n=4) P-value

Physiological values
     Systolic blood pressure 
(mmHg)
     Baseline ACT (sec.)
     pH
     Lactate (mmol/L)
     HCO3- (mmol/L)

101 (89-126)

138 (95-161)
7.35 (7.33-7.51)

2.1 (0.9-2.7)
28.8 (24.2-32.7)

118 (100-128)

125 (113-155)
7.38 (7.35-7.43)

1.5 (1.4-2.7)
29.9 (29.1-30.5)

102 (93-122)

146 (133-173)
7.38 (7.36-7.40)

1.8 (1.6-3.2)
27.4 (26.7-30.4)

0.40

0.44
0.60
0.44
0.62

Intra-operative findings
     Adhesions (n, %)
     Infiltrates (n, %)
          Biopsied (n, %)

1 (25%)
1 (25%)
0 (0%)

0 (0%)
0 (0%)
0 (0%)

1 (25%)
2 (50%)
2 (50%)

>0.99
0.71
0.27

Post-operative

Welfare score
     Day 0
     Day 1
     Day 2

3 (0-5.5)
0.6 (0-1)

0 (0-1)

1.5 (1-2)
1 (0.5-2)

0 (0-1)

1.3 (0.5-2)
0.3 (0-0.5)

0 (0-1)

0.92
0.074
0.96

Adverse events (n, %)
     No complication
     �Any deviation, no 

interventions3

2 (50%)
2 (50%)

2 (50%)
2 (50%)

3 (75%)
1 (25%)

>0.99
>0.99

General obduction

Macroscopic infiltrates 
(n, %)
     Any2

     Under patch
3 (75%)
1 (25%)

1 (25%)
0 (0%)

4 (100%)
0 (0%)

0.20
>0.99

Pleural effusion (n, %)
     Serous
     Serosanguinous

1 (25%)
3 (75%)

3 (75%)
1 (25%)

3 (75%)
1 (25%)

0.46

Incisional adhesion (n, %) 4 (100%) 3 (75%) 2 (50%) 0.71

1 Minor pre-operative symptoms, including mastitis, paw infection, asymptomatic swelling
2 Gross estimate of total blood loss made by the operating surgeon.
3 �Minor complications including elevated respiratory rate, groin hematoma, low appetite, seroma, 

thickened udder. In one sheep, a gauze was left behind in the thorax (found at obduction), 
without causing any clinical symptoms. This gauze was encapsulated and not directly related to 
any patch in the thorax.

Pmax = maximum ventilatory pressure applied during surgery
Data presented as median ± range.
Statistical testing performed with Kruskall-Wallis test or Fischer exact test, two-sided with  
alpha=0.05.

Analysis of suspected mix-up
The results of the independent mix-up analysis of a sample in the six week 
group are shown in Supplement 7D, showing converging evidence that a mix-up 
occurred during biopsy and labeling. The mix-up has some consequences for 
the histological analysis, and no consequences for macroscopic outcomes. For 

Table 1: Continued
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the histological analysis both original and adapted data were analyzed. There 
were no noteworthy changes in statistical significances between original and 
adapted data for between-group comparisons, except lymphocytes and fatty 
infiltrate barely reaching significance (p=0.05) (Supplement 7C, Table C7).  
Descriptively, adapted data demonstrated a lower phagocyte response, 
chronic inflammation and necrosis in NHS-POx, as a result of remnant patch 
material in the suspected mix-up group (Figure 2 and 3). In the adapted data, 
this remnant patch material is identified as fibrin patch instead of NHS-POx.

Histology: inflammation, healing, biodegradation
Within-group comparisons for central versus pleural overlap slides revealed 
no significant differences (Supplement 7C, Table C6). Central slides are used 
for further between-group comparisons. Cell response was significantly 
higher for NHS-POx versus control (score: 11.5 [9-13] vs 7 [6-8], p=0.005) 
at five days, and for fibrin patch versus control (score: 14 [12-17] vs 7 [5-8], 
p=0.022) at 2 weeks. At 6 weeks, cell response was similar between groups 
(p=0.22), with outliers due to granulomatous chronic inflammation to residual 
patch material (n=1 fibrin patch and n=1 suspected mix-up sample likely fibrin 
patch). Biomaterial response scores were similar across groups. The total 
histological score was significantly higher for the fibrin patch versus control 
group at 2 weeks (score: 19.5 [17-22] vs 11 [10-12], p=0.008), but were similar 
at 42 days across groups (p=0.53) (Figure 2A-C, Supplement 7C, Table C7).

Sub-analysis revealed similar patterns of classical wound healing, 
starting with acute inflammation, followed by chronic and phagocytotic 
inflammation and scar formation.  Acute inflammation was similar across 
groups (polymorphonuclear cells, Figure 3A). Signs of chronic inflammation 
(lymphocytes and plasma cells) were higher in the fibrin patch group (score 
6.5 [5-7]) compared to NHS-POx (score: 3.5 [3-5], p=0.034) and control 
(score: 3.5 [3-4], p=0.034) at 2 weeks. At 6 weeks, adapted data showed higher 
chronic inflammation associated with necrotizing granulomatous reaction 
to remnant fibrin patch material, albeit not statistically significant (p=0.082, 
Figure 3B, Supplement 7C, Figure C4). Phagocyte response (macrophages 
and giant cells) was higher in the NHS-POx group (score: 4.5 [4-6]) compared 
to control (score: 2.5 [2-3], p=0.013) and fibrin patch (score: 3.5 [2-4], 
p=0.077) at five days, while NHS-POx (score: 5.5 [4-7], p=0.034) and fibrin 
patch (score: 6 [4-7], p=0.034) both had a significantly higher phagocyte 
response compared to control (score: 2.5 [2-3]) at 14 days (Figure 3C).  
There was up to moderate necrosis at 2 weeks in both NHS-POx and fibrin 
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patch groups (p=0.20), and up to severe necrosis in fibrin patch group 
(adapted data) at 6 weeks (p=0.14) (Figure 3D). Groups showed a similar 
increase in neovascularization and fibrosis across until 6 weeks (Figure 3E). 
Minimal fat was found associated with fibrosis in NHS-POx at 6 weeks 
(p=0.050), but this was also found in pleural overlap slides of the fibrin patch 
group at 6 weeks (Supplement 7C, Figure C1).

Figure 2: Between-group comparisons on main study outcomes at different timepoints based on 
central histological sections. A) Total cell response score (sum of semiquantitative scores [0-4] on 
polymorphonuclear cells, lymphocytes, plasma cells, macrophages, giant cells, necrosis, max 24 
points). B) Total biomaterial response score (sum of semiquantitative scores [0-4] on 
neovascularization, fibrosis, fatty infiltrate, max 12 points). C) Total histological response score 
(sum of cell and biomaterial response, max 36 points). D) Healing score, according to Shafer criteria 
(scale 1-4). E) Estimated macroscopic and F) estimated microscopic biodegradation (scale 0-5).

Statistical testing performed with Friedman’s test or Wilcoxon Signed-Rank test. *p<0.05. d = 
day; w = week; o = original data; a = adapted data.
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Figure 3: Between-group sub-analysis of histological parameters at different timepoints based 
on central histological sections. All individual items are scored on a semi-quantitative scale 0-4. 
A) Measure of acute inflammation based on polymorphonuclear cell score (max 4 points). B) 
Measure of chronic inflammation, based on the sum of lymphocyte and plasma cell scores (max 
8 points). C) Measure of phagocytic response, based on the sum of macrophage and giant cell 
scores (max 8 points). D) Necrosis (max 4 points). E) Sum of neovascularization and fibrosis 
scores (max 8 points).

Statistical testing performed with Friedman’s test. *p<0.05. d = day; w = week; o = original data; 
a = adapted data.

Healing scores were similar across groups (Figure 2D), showing overall well-
organized healing at 6 weeks in both groups (p=0.368). At 2 weeks, fibrous and 
mesothelial coverage of the patch material could be observed (Figure 4A-C). 
At 6 weeks, local pleural thickening could be seen at the prior patch location 
(Figure 4D-F). Subpleural type II hyperplasia was noted at 5 days (Supplement 
7C, Figure C4). Microscopically, based on adapted data, the NHS-POx patch 
was degraded at 6 weeks, while in two cases, there were microscopic remnants 
in the fibrin patch group with associated granulomatous reaction (Figure 5). 
Macrophages with a foamy aspect were observed adjacent degrading material 
in NHS-POx, and also within the pleura at 6 weeks in both NHS-POx and fibrin 
patch groups (Supplement 7C, Figure C4). Qualitative overview of histological 
findings is provided in Supplement 7E.
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Figure 4: Aspects of healing mechanisms. A layer of fibrosis and mesothelial cells can be seen 
covering the patch material in A and C (indicated by arrow). B) Granulation tissue formation in 
a control lesion at 2 weeks. In the slides with healthy pleura overlap D and E, localized pleural 
thickening can be seen (indicated by asterisk), where the pleura gradually becomes thinner 
(indicated by arrow). E) Fibrous thickening of pleura in a control lesion at 6 weeks.

All sections are stained with hematoxylin-eosin.

Additional polarized light microscopy in a sample of slides revealed no 
birefringence in the patch material or in the foamy macrophages. Birefringence 
was seen in a previously unidentified non-staining structure in a NHS-POx 
sample (adapted data) and in a giant cell in in a fibrin patch sample at 6 weeks. 
Second look of a sample of lymph nodes revealed foamy macrophages in 
a lymph node at 6 weeks, with a single birefringent needle-like structure of 
unknown significance (Supplement 7C, Figure C5).
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Figure 5: Histological aspect of biodegradation. NHS-POx patch at 5 days (A) and 2 weeks 
(B) (shown by asterisk), with no more remnant at 6 weeks (C). The biomaterial is extensively 
infiltrated with mainly macrophages at 2 weeks (B). Fibrin patch at 5 days (D), 2 weeks (E) and 
6 weeks (F) (shown by asterisk). A granulomatous reaction can be seen surrounding the 
biomaterial in E and F.

All sections are stained with hematoxylin-eosin.

Macroscopy: obduction, adhesions and migration
At obduction, pleural effusion was seen in all cases (estimated <150mL), 
which appeared more serosanguinous at 5 days and more serous at 14 days 
and 6 weeks. There were adhesions between the incision and the lung in 9/12 
(75%) animals, without relation to any of the lesions (Table 1). In the two 
animals with pre-existing adhesions during surgery, there also were extensive 
generalized adhesions during obduction, making adhesion grading difficult 
(Supplement 7C, Table C5). In one animal, an encapsulated gauze that was left 
behind during surgery was found. This gauze was used to control bleeding from 
extensive adhesiolysis to mobilize the lung during the initial procedure, at a 
site remote from any of the lesions. Another animal at 2 weeks showed marked 
pleural thickening.

Adhesions up to Zühlke grade 3 were found in the NHS-POx and untreated 
control groups, and up to grade 2 in the fibrin patch group (Figure 6A-D). 
There were no significant differences between groups regarding adhesion 
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presence or severity (Supplement 7C, Table C8). Migration of a small material 
segment was noted in 2/4 NHS-POx and 1/4 fibrin patch cases at 5 days without 
additional adverse findings, but these migrations were only observed after the 
lung had been manipulated during obduction. Macroscopically, based on the 
adapted data, NHS-POx patch showed no more remnants at 6 weeks, while 
3/4 (75%) fibrin patch cases showed grade 1 remnants (estimated 1-10%) 
(p=0.083) (Figure 2E). Complete overview of macroscopic findings is provided 
in Supplement 7F.

Qualitative histology: additional findings, pleural reaction and 
chronic granulomatous inflammation
Additional qualitative analysis (Supplement 7C, Table C4) of unaffected lung 
and parietal pleura biopsies revealed signs of pleural irritation in 20/28 (71.4%) 
of samples at 2 weeks, but only in 3/27 (11.1%) at 6 weeks. In 12/27 (44.4%) of 
samples at 6 weeks, pleural thickening was seen, especially in samples across 
prior patches/lesions (Table 2). Histological signs of bronchopneumonia were 
noted in one animal at 2 weeks, but this animal was otherwise asymptomatic. 
Lymph nodes were unremarkable besides signs of chronic granulomatous 
inflammation due to parasitic infections.

Table 2: additional analysis of pleural fibrosis and irritation on extra histology samples

5 days 14 days 42 days

Pleural thickening

     Lung without lesion 1/4 (75%) 4/4 (100%) 4/4 (100%)

     Parietal pleura1 0/9 (0%) 4/12 (33.3%) 1/12 (8.3%)

     Across NHS-POx N/A 2/4 (50%) 2/4 (50%)

     Across fibrin patch N/A 3/4 (75%) 2/3 (66.7%)

     Across control lesion N/A 2/4 (50%) 3/4 (75%)

Total 1/13 (7.7%) 15/28 (53.6%) 12/27 (44.4%)

Pleural irritation2

     Lung without lesion 2/4 (50%) 3/4 (75%) 0/4 (0%)

     Parietal pleura1 3/9 (33.3%) 6/12 (50%) 0/12 (0%)

     Across NHS-POx N/A 4/4 (100%) 0/4 (0%)

     Across fibrin patch N/A 4/4 (100%) 1/3 (33.3%)

     Across control lesion N/A 3/4 (75%) 2/4 (50%)

Total 5/13 (38.5%) 20/28 (71.4%) 3/27 (11.1%)

1Apical, lateral, costodiaphragmatic recess samples.
2�Based on immune cell infiltration, fibrinoid pleuritis, reactive mesothelial cells, neovascularization.
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Figure 6: Between-group comparisons of adhesions directly associated with each lesion 
location. Adhesions due to surgical procedures (i.e. incisional) or pre-existing adhesions not 
included. A) Presence of adhesions. B) Severity of adhesions, measured by Zühlke classification 
(scale 0-4). Between-group comparisons revealed no statistically significant differences.  
C) Example of a dense adhesion (grade 3) of a prior NHS-POx allocated lesion on the right 
middle lobe (RML), showing extension to the right lower lobe (RLL, asterisk) and mediastinum 
(arrow). D) Example of a dense adhesion (grade 3, indicated by asterisk) associated with a 
control lesion that was made on the right upper lobe (RUL) during index surgery.

Original and adapted data at 6 weeks are identical.

A range of granulomatous reactions (eosinophilic, necrotizing, calcified) was 
seen in the lung parenchyma or lymph nodes of all animals. In 5/12 (41.7%) 
of animals, parasites were also found to be associated with this reaction 
(Supplement 7C, Figure C2-C3). Veterinary consultation revealed the most 
suspected causative agent to be Muellerius capillaris. Animals were generally 
asymptotic. No typical infectious symptoms were recorded, possibly related 
symptoms were elevated respiratory rate and low appetite in 2/12 (16.7%) 
(Supplement 7C, Table C3). Macroscopic infiltrates were seen in 8/12 (66.7%) 
of animals at obduction, and in one case right below a fibrin patch, which were 
histologically confirmed to be a granulomatous inflammation. Biopsies taken in 
two animals at index surgery also confirmed the presence of this inflammation 
before patch application.
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There were no statistically significant differences between distribution 
of granulomas and parasites between animals at different time points or 
between the pathological samples of the groups (Supplement 7C, Figure C2, 
 Table C9-C10). There was minimal eosinophilia associated with the biomaterial 
in the pleura, and this was not significantly different between groups. Minimal 
distance from the granuloma to pleura was not significantly different between 
groups (Supplement 7C, Figure C2).

Discussion

The biocompatibility and safety of the novel NHS-POx patch as a lung sealant 
were investigated in a long-term translational animal model up to 6 weeks. 
We demonstrate that complete degradation of the NHS-POx patch at 6 weeks 
is highly likely. Application causes an acute inflammatory and foreign body 
response with predominantly polymorphonuclear cells, macrophages and 
giant cells at 5 and 14 days. At 6 weeks inflammation was comparable between 
NHS-POx and fibrin patch in the original data, in the adapted data no significant 
residual inflammation was seen at 6 weeks for NHS-POx. Healing is observed 
with mesothelial coverage at 14 days  and localized visceral and parietal 
pleural thickening at 6 weeks. Overall, these findings point towards a favorable 
biocompatibility profile for the novel NHS-POx patch for lung sealant use.

Comparison to previous literature
In comparison to the fibrin patch (TachoSil®), the NHS-POx patch showed 
favorable biodegradability, with highly likely no remaining material or significant 
immune response at 6 weeks. The fibrin patch is a valid control group from a 
translational perspective, being the most studied lung sealant clinically.(11) In 
our study, patch remnants were found in 2/4 (50%) of the fibrin patch group at 
6 weeks (adapted data), with associated granulomatous inflammation. These 
findings are consistent with data from previous pre-clinical investigations, 
supporting the validity: the Food and Drug Administration described remnants 
up to 4 months, and the European Medicine Agency up to 20 weeks.(26, 27) 
Getman and colleagues had similar findings, applying TachoSil® to the rat 
lung, describing residual lymphocyte infiltrations adjacent the applied patch at 
6 weeks, which resolved at 12 weeks with no more remaining patch material.(28)

Biocompatibility of NHS-POx on a gelatin carrier patch was directly compared 
to TachoSil® in two previous animal studies. In a rat model of liver application, 
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no clear differences in inflammatory cells were found at 7 days.(15) In a porcine 
model of liver application, both patches degraded within 3-4 weeks, and the 
histological patterns were considered comparable, however, a comprehensive 
sub-analysis was not performed, examining individual cell types.(16)  In our 
study, albeit not statistically significant, the total histological response score 
showed a trend towards being higher in the fibrin patch group at 2 and 6 weeks 
(adapted data). At least, these findings indicate that the novel NHS-POx 
patch does not result in a more adverse local tissue response compared to the 
current gold standard lung sealant.

Mechanisms involved in biodegradation and healing
The NHS-POx patch was diffusely infiltrated with immune cells, indicating 
replacement of the prior biomaterial with extracellular matrix material, while 
the visceral surface of the patch was covered with a mesothelial lining. In the 
biodegradation process, the amide and thioester bonds formed by NHS-esters 
are hydrolyzed, while the porcine gelatin carrier is degraded by hydrolysis, 
matrix metalloproteases (gelatinases, collagenases) and phagocytosis.(29-31) 
While the release and excretion pathways of the polyoxazoline polymers from the 
application site are unknown, they are renally cleared once in the bloodstream.(18)

The specific release mechanism from the application site requires further 
study, as macrophages with a ‘foamy’ aspect were identified at 6 weeks with 
unknown contents, raising the question whether all polymers are excreted, or 
whether there is a degree of local retention in macrophage phagosomes. For 
example, such foamy macrophages were reported in a rat study testing poly-L-
lactide implants, but these contained birefringent granules.(32) In our study, no 
significant birefringence was noted in the foamy macrophages (except a single 
birefringent structure in a lymph node). Because the macrophages were also 
present in a fibrin patch sample, the precise causal relation is unclear.

The degradation mechanisms of the fibrin patch are well understood, as 
its composed entirely of endogenous components. Humane fibrinogen and 
thrombin form a fibrin cloth upon wet tissue contact, with an equine collagen 
carrier as structural support.(27) These components are degraded by plasmin and 
collagenases, respectively.(33, 34) A previous document from the European Medicine 
Agency describes the degradation process as ‘layer by layer by absorptive 
granulation tissue and conversion into a pseudo-capsule’, which is similar to the 
observed degradation mechanism in our study.(27) A chronic inflammatory response 
was observed in association with the fibrin patch in our study, with a high number 
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of plasma cells. This could be indicative of a humoral immunity response to the 
xenogeneic components in the ovine species, but requires further investigation.(35)

Model validity
Ovis aries is a realistic surgical application model for biomaterials with a 
high translational value, due to similar anatomy, respiratory physiology and 
coagulation mechanisms.(36-42) However, species-specific immune system 
differences should be considered. Pulmonary intravascular macrophages 
(PIMs) are present in up to 20% of the capillary endothelium in sheep lung, 
while only present in humans under specific conditions, and sheep lung 
house less alveolar macrophages.(43, 44) PIMs are thought to have a phagocytic 
function of blood borne particles, and also seem to play an important role in 
mediation of the immune response.(44) But, the extent and impact of these cells 
on the current study findings is unknown.

Chronic granulomatous inflammation with associated parasites was found in 
the lung parenchyma and lymph nodes of the sheep in this study. Causative 
agents in the Netherlands include Muellerius capillaris, Protostrongylus 
rufescens, Protostrongylus brevispiculum, Neostrongylus linearis and 
Cystocaulus ocreatus.(45) These infections are generally asymptomatic and a 
high prevalence has been described (36.1-73%).(46, 47) Histologically, chronic 
(eosinophilic) granulomatous pneumonia has been described, consistent with 
our findings.(48-51) Ivermectin treatment was used after the first two sheep, but 
may be ineffective for complete eradication due to inhibited larval stages and 
the possibility of re-infestation, as seen in the sheep at 6 weeks.(47)

Our findings do not support the notion that the biomaterial itself is the cause 
of (eosinophilic) granulomatous inflammation. We confirmed histologically its 
presence during the index surgery, observed a limited eosinophilic response 
within the pleura, and noted an apparently equal distribution of granulomas 
across histological sections which were associated with parasites in 41.7% of 
animals. There is no evident pathology consistent with our findings in previous 
clinical and preclinical literature. Other adverse histological reactions that 
have been described include destructive parenchymal fibrosis, abscesses with 
leukocytes and debris, and nonspecific bronchopneumonia in preclinical lung 
sealant studies(52-54). Clinical literature also documents eosinophilic reactions 
(like pleural effusion and eosinophilia) to fibrin glue, poly-glycolic acid, 
polyethylene glycol, and foreign body reactions/granulomas to previously 
implanted biomaterials.(55-66)
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Chronic infections may skew the immune response, but influences are considered 
limited due to equal distribution of granulomas, and the testing of each group 
per animal.(67) The biomaterial immune response may be overestimated in case 
of granulomas proximal to the pleura, but was accounted in the grading process 
(Supplement 7C, Figure C3). Application of biomaterials may provide a favorable 
environment for infections, but no evident local increase in granulomas was 
seen in NHS-POx and fibrin patch samples compared to control across group, 
with exception of the fibrin patch sample at 5 days (Supplement 7C, Figure C2).

Limitations
The mix-up analysis to identify the contents of the remnant patch material in 
a sample at six weeks shows strong converging evidence based on additional 
staining, independent and blinded histological analysis and analysis of obduction 
photos that a mix-up in biopsy and labeling has occurred, accidentally labeling a 
fibrin patch sample as NHS-POx. Therefore, we think that adapting the data is 
justified as the collected converging evidence seems to indicate a near certainty 
probability. However, it should be acknowledged that there are no previously 
validated methods to distinguish the remnant material with absolute certainty.

The main limitation of this study is the small sample size, and lack of a priori power 
calculations on the primary outcomes. Therefore, the findings where no statistical 
differences (e.g. adhesions, adverse events) were encountered should be 
interpreted with caution, due to possible type II errors. Histological grading was 
performed using semi-quantitative scales, which may have some subjectivity (e.g. 
difference between minimal and moderate classifications), but was accounted 
for using two assessors and consensus meetings. These scales have inherent 
statistical limitations, being less powerful for detection of differences as compared 
to continuous measures. Finally, while all assessments of primary outcome 
measures were performed blinded, there were evident histological differences 
between groups and survival terms which may have biased assessment.

Because the inter-subject variability were expected to be lower than the 
intra-subject variability, each animal was taken as its own control to lower 
the total sample size required. Some inter-subject variability was observed 
(baseline leak capacity based on lesion location), but this is likely negligible 
on biocompatibility related outcome measures. A downside to this approach 
are cross-over effects due to whole-pleura responses. For example, signs 
of generalized pleural irritation were seen at 14 days, but this could also be 
a consequence of the surgery itself. Finally, root-cause analysis of adverse 
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events affecting the whole animal is difficult, but the experiment was not 
powered for this outcome measure.

Some limitations to macroscopic outcome measures should also be noted. 
Adhesion assessment of specific lesions was sometimes difficult, especially 
in cases of diffuse intra-thoracic adhesions (i.e. in the animals with extensive 
pre-existing adhesions), and the RLLd location was sometimes difficult to 
expose. Migration was only found in this study after lung manipulation during 
obduction, which may have confounded this outcome measure. Biodegradation 
was sometimes difficult to assess on the photos, especially at 6 weeks.

Recommendations for future research
Extensive diffuse adhesions found during obduction can be sign of a serious 
adverse event, but this seems due to pre-existing adhesions. However, further 
study is required to assess the impact of NHS-POx on adhesion formation, 
preferably in a study design without potential cross-over effects of different 
groups within the same pleural cavity. The lesions in this study exhibit intrinsic 
sealing, so no air leak related parameters were measured, but further study 
is required into the sealing capabilities of the NHS-POx patch in relation 
to wound healing, in order to prevent pneumothorax as a safety endpoint 
(e.g. in emphysematous lungs).(19) This study only primarily looked at local 
biocompatibility parameters, and further study with a higher sample size 
is required to study systemic effects and adverse events, such as impact on 
incidence of post-operative infections (i.e. bacteriostatic properties of the 
patch in a realistic environment). Also, this study did not look at the impact 
of local pleural thickening on the pulmonary function, but should be further 
investigated. Finally, further investigations are required to confirm the findings 
of our study, and investigations into the local immunogenic effects can be 
further specified by looking at influences on pro- versus anti-inflammatory 
cytokines and macrophages differentiation (M1/M2 subtypes).(68)

Conclusions

The novel NHS-POx patch applied to the lung shows comparable to favorable 
local biocompatibility properties compared to existing fibrin patch. Complete 
biodegradation and no significant residual tissue response at 6 weeks are 
highly likely. Further research is required to study the impact on aerostatic 
efficacy and adverse events.
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Chapter 7 Supplemental material

Supplements E/F are not shown in this thesis and will be published later online alongside 
the article.

Supplement 7A – Anesthesia, analgesia and antibiotic prophylaxis

Table A1: Anesthesia protocol in experiment two until experiment twelve

Moment Medication Route Dose Frequency

Pre-medication Midazolam Intra-muscular 0.7 mg/kg Once

Ketamine Intra-muscular 10 mg/kg Once

Induction Propofol Intra-venous 2 mg/kg Once

Ketamine Intra-venous 1 mg/kg Once

Methadone Intra-venous 0.2 mg/kg Once

Multimodal 
anesthesia 
during surgery

Meloxicam Intra-muscular 0.5 mg/kg Once during induction

Magnesium 
sulphate

Intra-venous 40 mg/kg Once (in 20 minutes)

Fentanyl Trans-dermal 100 µg/h Continuous for 72h

Ropivacaine Intercostal block 
at three levels

1.5mg/kg Once right after 
thoracotomy

Maintenance Remifentanil Intra-venous 0.06 mg/kg/h1 Continuous during 
surgery

Propofol Intra-venous Titrated1 Continuous during 
surgery

Ketamine Intra-venous 0.2 mg/kg/h Continuous during 
surgery

Isoflurane Inhalation Titrated1 Continuous during 
surgery2

Post-operative Fentanyl Trans-dermal 100 µg/h Continuous for 72h, 
repeat if required

Ketamine Intra-muscular 0.5 mg/kg In case of discomfort: 
max 2x/day.

Meloxicam Oral 0.4 mg/kg 1x/day for five days, 
phase out if possible

Antibiotic 
prophylaxis

Amoxicillin Intra-venous 10 mg/kg Once before incision

Ampicillin Intra-muscular 15 mg/kg Right after surgery and 
again after 48h

1�Doses were titrated to maintain the mean arterial pressure between 50-100mmHg. 
Noradrenaline is additionally titrated in case of hypotension.

2Inhalation anesthesia is switched of when a lesion is made on the lung.



187|Biocompatibility of polyoxazoline lung sealant in ovine model

7

Table A2: Anesthesia protocol in the first experiment

Moment Medication Route Dose Frequency

Pre-medication Midazolam Intra-muscular 0.7 mg/kg Once

Ketamine Intra-muscular 10 mg/kg Once

Induction Propofol Intra-venous 2 mg/kg Once

Remifentanil Intra-venous 0.01 mg/kg Once

Multimodal 
anesthesia 
during surgery

Meloxicam Intra-muscular 0.5 mg/kg Once during 
induction

Lidocaine/
bupivacaine 
20/5mg/ml

Intercostal block 
at three levels

0.4 ml/kg Once right after 
thoracotomy

Maintenance Remifentanil Intra-venous 0.06 mg/kg/h1 Continuous during 
surgery

Propofol Intra-venous Titrated1 Continuous during 
surgery

Isoflurane Inhalation Titrated1 Continuous during 
surgery2

Post-operative Buprenorphine Intra-muscular 0.05 mg/kg Every 12h for five 
doses total

Meloxicam Oral 0.4 mg/kg 1x/day for five 
days, phase out if 
possible

Antibiotic 
prophylaxis

Amoxicillin Intra-venous 10 mg/kg Once before 
incision

Ampicillin Intra-muscular 15 mg/kg Right after surgery 
and again after 48h

1�Doses were titrated to maintain the mean arterial pressure between 50-100mmHg. 
Noradrenaline is additionally titrated in case of hypotension.

2Inhalation anesthesia is switched of when a lesion is made on the lung.
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Supplement 7B – Histological methods

Figure B1: Standardized methodology for cutting histological samples. Left image: From the 
samples with a lung sealant applied, two standardized samples are taken: 1) Through the middle 
of the lesion and 2) With half of the sample comprising healthy, uncovered pleura. Middle image: 
From the negative control samples, a single sample is taken: 3) Straight through the lesion. 
Right image: All samples are embedded with the pleural side to one direction.

Green = patch; red = lesion.
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Table B1: Scoring system to asses cellular and biomaterial response, based on ISO 10993-6:2016 
with adjustments made for a semi-quantitative analysis

Cell type/response Score

0 1 2 3 4

Polymorphonuclear 
cells

Absent Rare Minimal Moderate 
infiltrate

Packed infiltrate

Lymphocytes Absent Rare Minimal Moderate 
infiltrate

Packed infiltrate

Plasma cells Absent Rare Minimal Moderate 
infiltrate

Packed infiltrate

Macrophages Absent Rare Minimal Moderate 
infiltrate

Packed infiltrate

Giant cells Absent Rare Minimal Moderate 
infiltrate

Packed infiltrate

Necrosis None Minimal Mild Moderate Severe

Biomaterial 
response

Score

0 1 2 3 4

Neovascularization None Minimal 
capillary 
proliferation

Groups of 
capillaries 
with 
supporting 
fibroblastic 
structures

Broad band 
of capillaries 
with 
supporting 
fibroblastic 
structures

Extensive band 
of capillaries 
with supporting 
fibroblastic 
structures

Fibrosis None Narrow 
band

Moderately 
thick band

Thick band Extensive band

Fatty infiltrate None Minimal fat 
associated 
with fibrosis

Several 
layers of fat 
and fibrosis

Elongated 
and broad 
accumulation 
of fat cells

Extensive fat 
completely 
surrounding 
implant
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Supplement 7C – Additional tables, figures, analysis

Additional tables

Table C1: Lesion characteristics at baseline

NHS-POx (n=12) Fibrin patch (n=12) Control (n=12) P-value

Location (n, %)
     RML
     RLLv
     RLLd
     Other

3 (25%)
5 (42%)
4 (33%)
0 (0%)

4 (33%)
3 (25%)
5 (42%)
0 (0%)

4 (33%)
3 (25%)
3 (25%)
2 (17%)

n/a

SBSS grade (n, %)
     Minimal
     Mild
     Moderate

1 (8%)
9 (75%)
2 (17%)

0 (%)
12 (100%)

0 (0%)

2 (17%)
10 (83%)

0 (0%)

0.17

Hemostasis time (min.) 2,5 (2-8) 2 (2-5) 2 (2-4) 0.17

Macchiarini scale (n, %)
     0
     I
     II
     III

7 (58%)
0 (0%)

2 (17%)
3 (25%)

7 (58%)
1 (8%)
1 (8%)

3 (25%)

6 (50%)
2 (17%)
2 (17%)
2 (17%)

0.97

MLP
     Measured (n, %)
     Value (cmH2O)

5 (42%)
8 (6-22)

4 (33%)
11 (5-22)

5 (42%)
14 (7-17)

0.91
n/a

RML = right middle lobe, RLLv = right lower lobe ventral, RLLd = right lower lobe dorsal, SBSS = 
bleeding scale, MLP = minimal leakage pressure
Data presented as median ± range.
Statistical testing performed with Friedman’s test or Cochran’s Q test. Not performed on lesion 
location (equal assignment in randomized allocation) and MLP value (Friedman’s test not 
possible because MLP could not be measured on all lesions per animal).
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Table C2: Leakage capacity based on lesion location

MLP measured1 P-Value

RML (n, %) 10/11 (91%) <0.001

RLLv (n, %) 4/11 (36%)

RLLd (n, %) 0 /12(0%)

Other (n, %) 0/2 (0%)

1MLP can only be measured in case the lesion shows leakage at normal ventilation pressures.
MLP = minimal leakage pressure, RML = right middle lobe, RLLv = right lower lobe ventral, 
RLLd = right lower lobe dorsal.
Statistical testing with Fischer’s Exact test.

Table C3: Description of adverse events and causality to implanted patches

Adverse event Causality Explanation

5 days (n=4) Groin 
hematoma 
(n=1)

Elevated 
respiratory 
rate (n=1)

Low appetite 
(n=1)

Unrelated

Possible

Possible

Caused by arterial line placement

Parasitic pneumonia, might be exacerbated by 
patch(es)

Unknown cause, differential diagnosis: 
opioids, surgical trauma, anesthetics, systemic 
inflammation effects of patches, parasitic 
infection

14 days 
(n=4)

Incisional 
seroma (n=2)

Thickened 
udder (n=1)

Unrelated

Unrelated

Surgical wound complication

Possibly mastitis

42 days 
(n=4)

Encapsulated 
intrathoracic 
gauze, 
asymptomatic 
(n=1)

Unrelated Gauze left behind during index surgery
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Table C4: Quantitative synthesis of qualitative histological findings on additional 
histological samples

Term Sample location N Qualitative finding(s)

5 days Lung biopsy without 
lesion

4 Thickening / fibrosis of pleura (n=1, 25%)
Irritated pleura2 (n=2, 50%)
Granuloma (n=3, 75%)

Lymph node1 8 Granuloma (n=3, 37.5%)
Parasites associated with granuloma (n=1, 12.5%)

Parietal pleura biopsy3 9 Irritated pleura2  (n=3, 33.3%)

Infiltrate (obduction) 3 Thickening / fibrosis of pleura (n=1, 33%)
Irritated pleura2 (n=1, 33%)
Granuloma (n=2, 67%)

Extra patch biopsy 1 NHS-POx patch with underlying granulation tissue 
and fibrinous exudate (n=1, 100%)

14 days Lung biopsy without 
lesion

4 Thickening / fibrosis of pleura (n=4, 100%)
Irritated pleura2 (n=3, 75%)
Granuloma (n=1, 25%)
Bronchopneumonia (n=1, 25%)

Lymph node1 3 Granuloma (n=2, 67%)

Parietal pleura biopsy3 24 Thickening / fibrosis of pleura (n=11, 45.8%)
Irritated pleura2 (n=17, 70.8%)4

Infiltrate (obduction) 5 Thickening / fibrosis of pleura (n=5, 100%)
Irritated pleura2 (n=5, 100%)
Granuloma (n=2, 40%)
Parasites associated with granuloma (n=1, 20%)

Extra patch biopsy 1 NHS-POx patch with lymphohistiocytic reaction. 
Presence of necrotic fatty and striated muscle 
tissue, likely originating from parietal pleura (n=1)

42 days Lung biopsy without 
lesion

4 Thickening / fibrosis of pleura (n=4, 100%)
Granuloma (n=2, 50%)
Parasites associated with granuloma (n=1, 25%)

Lymph node1 8 Granuloma (n=4, 50%)
Parasites associated with granuloma (n=2, 25%)

Parietal pleura biopsy3 23 Thickening / fibrosis of pleura (n=8, 34.8%)4

Irritated pleura2 (n=3, 13%)

Infiltrate (obduction) 9 Thickening / fibrosis of pleura (n=3, 33%)
Granuloma (n=8, 89%). One sample was not 
a granuloma, but necrotic / bloody tissue with 
macrophages
Parasites associated with granuloma (n=2, 22%)

Infiltrate (index surgery) 2 Granuloma (n=2, 100%)

1�Relevant nodes of 2/4/10/11R. 2Based on immune cell infiltration, fibrinoid pleuritis, reactive 
mesothelial cells, neovascularization. 3Apical, lateral, costodiaphragmatic recess, across NHS-
POx, fibrin patch and control lesion samples. 4In two parietal pleura samples (n=1 at 14 and n=1 at 
42 days), the inflammatory response was also noted in the intercostal muscles.
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Tables C5: Description of minor deviations from protocol

Term Pre-operative symptom

5 days (n=4) Mastitis (n=1)
Paw infection (n=1)

14 days (n=4) Swelling of paw (n=1) and parasternal (n=1)

42 days (n=4) Swelling mammary glands (n=1) and parasternal (n=1)

Term Deviation (index procedure)

5 days (n=4) No ivermectin prophylaxis (n=2)
Increased blood loss from pulmonary ligament laceration (n=1)
Pre-existing adhesions (grade 2-3), torn upper lobe which was 
sutured, bone wax on rib fracture (E4, n=1)

14 days (n=4) N/A

42 days (n=4) Pre-existing adhesions, torn middle lobe which was sutured, 
re-thoracotomy before drain removal for suspected tension 
pneumothorax (E9, n=1)
Biopsy of infiltrate during index surgery (n=2)
Delayed anesthesia recovery (n=1)

Group Deviation (lesion/group)

NHS-POX (n=12) Ventilator on during lesion creation (n=1)
Imprecise lesions due to difficult exposure (n=1)
Ventilation on during first seconds of application (n=1)

Fibrin patch (n=12) Ventilator resumed early during application (n=5)
Bubble under patch after application (n=1)
Extra pressure applied (n=1)
New patch applied after inadequate placement (n=2)

Negative control (n=12) Aberrant MLP measurement (n=1)
Right middle lobe not usable due to laceration, placed on right 
upper lobe (n=1)
Accidental aberrant lesion location (right middle lobe instead 
of right lower lobe ventral) due to complicated procedure (n=1)

Term Deviation (obduction)

5 days (n=4) Mechanical sample manipulation due to extensive bleeding 
during obduction (n=1)
Difficult obduction due to severe adhesions, also present at 
index surgery (n=1)

14 days (n=4) N/A

42 days (n=4) Difficult obduction due to severe adhesions, also present at 
index surgery (n=1)
Serosanguinous effusion possibly caused by bleeding during 
obduction (n=1)
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Additional figures

Figure C1: Between-group sub-analysis of histological parameters at different timepoints based 
on central histological sections.

All items are scored on a semi-quantitative scale 0-4. In or directly adjacent to the pleura, 
cellular response is scored, based on polymorphonuclear cells (A), lymphocytes (B), plasma 
cells (C), macrophages (D), giant cells (E) and necrosis (F), and biomaterial response is scored 
based on neovascularization (G), fibrosis (H), and fatty infiltrate (I).
Statistical testing performed with Friedman’s test. *p<0.05. d = day; w = week; o = original data; 
a = adapted data.
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Figure C2: Distribution of chronic granulomatous inflammation and parasitic infestation.

A) Number of animals with presence of (eosinophilic) granulomas per survival term based 
on different histological sections (any section, any lung parenchyma section, any healthy 
control parenchyma section, any lymph node section). B) Number of animals also affected by 
parasites associated with this granulomatous inflammation in A. C) Distribution of (eosinophilic) 
granulomatous inflammation in central slides of the lesion samples. D) Number of central slides 
that also show parasites associated with granulomatous inflammation. E) Minimal distance from 
granuloma to pleural interface in central slides. In case of close proximity to pleura, the immune 
response of the granuloma is not counted towards the histological scoring of the slide (see 
Figure C3). F) Eosinophilia within the pleural interface.
Original and adapted data at 42 days are identical.
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Figure C3: Macro- and microscopic aspects of infiltrates, granulomas and parasitic infestations.

A) Macroscopic infiltrates below fibrin patch sample at 5 days. B) Aspect of infiltrate of A on 
histology, showing an eosinophilic granuloma with close relation to the pleura. The immune 
response of this granuloma, encircled by the white dotted line, is not counted towards the 
inflammatory response of the sample. C) Eosinophilic granuloma with associated parasites.  
D) Aspect of macroscopic infiltrates during surgery. E) Aspect of necrotizing granuloma (biopsy 
of D). F) Aspect of eosinophilic granuloma close to pleural surface. Immune response in white 
dotted area is not counted towards the inflammatory response of the sample. G) Aspect of 
macroscopic infiltrate found during lung sectioning, confirmed to be an eosinophilic granuloma 
in H. I) Aspect of eosinophilic granulomas (arrows) in lymph node.
All samples are stained with hematoxylin-eosin.
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Figure C4: Detailed aspects of histological findings.

A) Aspect of several foamy macrophages associated with NHS-POx remnant material at 2 weeks 
(arrows). B) Aspect of foamy macrophages (arrows) and fatty tissue in the pleural scar at 6 weeks 
in the NHS-POx patch group, no associated material remnants. C) Aspect foamy macrophages in 
a fibrin patch sample at 6 weeks. D) Aspect of horseshoe shaped giant cell (top arrow) and type 
II pneumocyte proliferation (lower arrow), as seen just below an NHS-POx sample at 5 days. 
E) Aspect of adaptive immune response with lymphocytes and plasma cells to a fibrin patch 
sample at 2 weeks. F) Aspect of granulomatous reaction with necrosis to fibrin patch remnant 
(asterisk) at 6 weeks.
All samples are stained with hematoxylin-eosin.
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Figure C5: Additional findings on polarized light microscopy.

A) NHS-POx sample at 6 weeks, demonstrating a foreign-body structure with associated giant 
cells, not clearly visible in the hematoxylin and eosin staining, but showing evident birefringence 
in (B) (after mix-up correction). C) Fibrin patch sample at 6 weeks, demonstrating a giant cell 
containing birefringent foreign body material (D). E) Lymph node at 6 weeks that demonstrates 
a needle-like birefringent structure in a foamy macrophage (F).
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Statistical analysis

Table C6: Within-group comparisons based on central versus pleural overlap slides on main 
histological outcome measures

NHS-POx Fibrin patch

5d 14d 42d (o) 42d (a) 5d 14d 42d (o) 42d (a)

Polymorphonuclear 
cells

0.157 0.083 0.317 0.317 0.655 >0.99 0.102 0.102

Lymphocytes 0.564 >0.99 0.157 0.157 0.102 0.317 0.317 0.317

Plasma cells >0.99 >0.99 0.317 0.317 0.317 0.157 0.180 0.180

Macrophages 0.564 0.157 0.317 >0.99 0.414 0.317 >0.99 0.655

Giant cells 0.414 0.414 0.564 >0.99 0.655 0.317 >0.99 0.317

Necrosis 0.102 0.180 0.317 >0.99 0.317 0.564 0.317 0.157

Neovascularization >0.99 0.157 0.157 0.564 0.102 0.157 >0.99 0.317

Fibrosis >0.99 0.180 0.276 0.157 0.317 0.157 0.655 >0.99

Fatty infiltrate >0.99 >0.99 0.157 0.083 >0.99 >0.99 >0.99 0.317

Cell response 0.197 0.063 0.414 0.414 0.461 >0.99 0.581 0.581

Biomaterial response >0.99 0.180 0.461 0.581 0.102 >0.99 0.655 0.655

Total response 0.461 0.276 0.414 0.593 0.285 0.655 0.854 0.705

Chronic inflammation 
(plasma cells + 
lymphocytes

0.564 >0.99 0.102 0.180 0.102 0.564 0.180 0.180

Phagocytosis 
(macrophages + giant 
cells)

0.414 0.102 >0.99 >0.99 0.785 0.180 >0.99 0.414

Neovascularization + 
fibrosis

>0.99 0.180 0.276 0.276 0.102 >0.99 >0.99 >0.99

Healing score 0.564 0.317 >0.99 >0.99 0.317 >0.99 >0.99 0.317

P-values shown. d = day; w = week; o = original data; a = adapted data.
Cell response = polymorphonuclear cells + lymphocytes + plasma cells + macrophages + giant 
cells + necrosis. Biomaterial response = neovascularization + fibrosis + fatty infiltrate. Total 
response = cell response + biomaterial response.
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Table C7: Between-group comparisons based on central slides of main histological outcomes

5d 14d 42d (o) 42d (a)

Polymorphonuclear cells 0.223 0.232 0.717 0.264

Lymphocytes 0.105 0.097 0.368 0.050

Plasma cells 0.779 0.032 0.368 0.368

Macrophages 0.097 0.178 0.717 0.717

Giant cells 0.032 0.038 0.174 0.174

Necrosis 0.232 0.202 0.607 0.135

Neovascularization 0.150 0.368 0.807 0.807

Fibrosis 0.905 0.223 0.936 0.627

Fatty infiltrate >0.99 >0.99 0.368 0.050

Cell response 0.018 0.038 0.257 0.223

Biomaterial response 0.424 0.420 0.936 0.936

Total response 0.368 0.022 0.607 0.526

Chronic inflammation (plasma cells + 
lymphocytes

0.116 0.032 0.150 0.082

Phagocytosis (macrophages + giant cells) 0.039 0.050 0.319 0.424

Neovascularization + fibrosis 0.424 0.420 0.936 0.936

Healing score 0.223 0.905 0.368 0.368

Microscopic biodegradation 0.317 0.141 0.655 0.180

P-values shown. Statistically significant values (p<0.05) are shown in bold. d = day; w = week; o 
= original data; a = adapted data.
Cell response = polymorphonuclear cells + lymphocytes + plasma cells + macrophages + giant cells 
+ necrosis. Biomaterial response = neovascularization + fibrosis + fatty infiltrate. Total response = 
cell response + biomaterial response.
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Table C8: Between group comparisons based on macroscopic findings

5d 14d 42d (o) 42d (a)

Adhesion 
presence

0.264 0.368 0.264 0.264

Adhesion 
severity

0.264 0.867 0.264 0.264

Macroscopic 
biodegradation

>0.99 0.180 0.564 0.083

P-values shown. d = day; w = week; o = original data; a = adapted data.

Table C9: Between animal comparisons of chronic granulomatous infections and parasitic infestations

Granuloma Parasites

Any section n/a 0.455

Any parenchyma >0.99 0.455

Healthy parenchyma 0.766 >0.99

Lymph node >0.99 0.709

P-values shown.

Table C10: Between group comparisons of chronic granulomatous infections and parasitic infestations

5d 14d 42d (o) 42d (a)

Granuloma 0.097 0.607 0.607 0.607

Parasites 0.368 n/a 0.717 0.717

Distance 
(granuloma - 
pleura)

0.655 0.368 0.368 0.368

Eosinophilia 0.135 0.223 0.368 0.368

P-values shown. d = day; w = week; o = original data; a = adapted data.
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Supplement 7D - Adjudication report

Background
There is a suspicion that two patch groups have been mixed-up during biopsy 
in experiment 9 (6 weeks survival term) of the biocompatibility study of a novel 
lung sealant and consequently received the wrong naming on the cassettes.

Experiment design:
•	 Four sheep at each survival term: 5 days, 2 weeks and 6 weeks.
•	 Three groups per sheep: GATT-Patch (G), TachoSil (T) and untreated control (C).

Initial assessment based on available data

Findings
1.	 Slides that are named E9-G1 and E9-G2 show an aspect of remaining 

fibrinoid patch material that does not correspond to the remaining patch 
material in other GATT-Patch slides on 6 weeks. See evidence #1.

2.	 The aspect of this remaining patch material shows more resemblance to 
another sample of the TachoSil group at 6 weeks: E11-T1 and E11-T2. See 
evidence #2.

3.	 Other slices of the GATT-Patch group show no more remaining patch material 
at 6 weeks. At two weeks, the GATT-Patch looks distinctly different on 
histology compared to the sections E9-G1/2 and E11-T1/2. See evidence #3.

4.	 Analysis of the cassettes and slices has shown that a mix-up could not 
have occurred in the naming process.

5.	 In experiment 9, according to the forms and confirmed on the implantation 
photos: TachoSil was applied to the right lower lobe, ventral part 
(diaphragmatic). See evidence #4.

6.	 GATT-Patch was applied to the right lower lobe, dorsal part. In the photo 
we can see the implantation process during which the lung is lifted using 
two gauzes in clamps. See evidence #5.

7.	 In experiment 9, pictures were marked with a paper that denoted T (for 
TachoSil) or G (for GATT-Patch).

8.	 In the pictures at obduction, the G-form is put next to a scar on the right 
lower lobe, ventral segment. See evidence #6.

9.	 It is not as clear from the photos what the location is, but the T-form is 
evidently not the same scar as seen in the ventral segment. See evidence #7.

10.	 The control lesion C-form is put next to a lesion on the right upper lobe. 
See evidence #8.
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Reasoning / deduction
1.	 Based on findings 1-3, the question arises whether the GATT-Patch and 

TachoSil samples have been mixed up in E9.
2.	 Based on finding 4, if there is a mix-up, this must have occurred during the 

obduction, putting a tissue sample in the wrong cassette. In experiment 
9 the sacrifice term was 6 weeks, and therefore, both patches are not 
macroscopically distinguishable anymore, making a mix-up of biopsies in 
the named cassettes possible. The only way to correctly identify lesions, 
is to take a biopsy of the right location on the lobe, as has been noted in 
the forms during index surgery.

3.	 Based on findings 5-10, we can synthesize that:
a.	 The NHS-POx patch was applied to the right lower lobe 

(dorsal segment).
b.	 At obduction the G-form (for NHS-POx) is put next to the right 

lower lobe (ventral segment).
c.	 The fibrin patch is applied to the right lower lobe (ventral segment) 

during index surgery.
d.	 The C-form is put next to a lesion on the right upper lobe, which is 

consistent with the location described on the forms of the original 
implantation surgery.

4.	 Therefore, based on the converging evidence of the histological aspects 
(finding 1-2) and the mix-up of forms at obduction (finding 5-10), we can 
deduce that a mix up has likely occurred while samples the tissues for 
histology at obduction between the NHS-POx samples (E9-G1/G2) and 
fibrin patch samples (E9-T1/T2) but not the control samples (E9-C3).

Additional independent analysis to support the suspicion

Method:
•	 Additional staining was obtained using ‘Elastine volgens Masson’ (EvM).
•	 As additional analysis, a blinded grouping task has been performed of 

various sections of patch material based on Hemotoxylin-Eosin (HE) and 
EvM staining by an independent pathologist, using baseline example slides 
of patch material groups.

Findings
•	 EvM staining also indicates that the patch remnant of E9-G1/G2 shows more 

resemblance to TachoSil than GATT-Patch. See evidence #9.
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•	 The findings of the independent analysis also support the notion that the 
remannt material in E9-G1/G2 is TachoSil instead of GATT-Patch. See 
supplemental evidence.

Conclusion
There is strong converging evidence based on macroscopic images, notes 
taken during the experiment and independent and blinded histological analysis 
(based on protocolar and additional staining) that the samples E9-G1/G2 and 
E9-T1/T2 have been mixed up during biopsy.

Evidence

# Evidence

1 Sections E9-G1/G2

2 Sections E11-T1/T2



206 | Chapter 7

3  Sections E8-G1

4 Form E9 / TachoSil implantation

5 Form E9 / GATT-Patch implantation photo

 

6 E9 aspect during obduction / ventral segment
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7 E9 aspect during obduction / dorsal segment

8 E9 aspect during obduction / control lesion
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9 TachoSil baseline

GATT-patch baseline

E9-G1/G2 aspect of remnant material, detail on EvM stain

E8-G1/G2 aspect of remnant material, detail on EvM stain
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Supplemental evidence: blinded and independent 
histological assessment

Aim:
•	 To confirm that the histological aspects of the patch remnants are 

distinctly different.
•	 Substantiate the correction of the histological mix-up.

Method:
•	 Assessment by independent pathologist.
•	 Hemotoxylin-Eosin (HE) and ‘Elastine volgens Masson’ (EvM) staining.
•	 Two baseline slides are shown to the pathologist, corresponding to the 

patches at baseline.
•	 Six other slides are shown per staining method, at 2 and 6 weeks.
•	 Slides are randomized and blinded.
•	 The task is to organize the randomized slides according to the suspected 

patch group, or ‘no remnant on pleural surface’.

Results:
•	 After unblinding the grouped sections, the results show that the section 

E9-G1 was grouped in the TachoSil group instead of the GATT-Patch group 
on both HE and EvM staining.

Assessment based on HE-staining:

Group 1: TachoSil Group 2: GATT-Patch No remnant on pleural surface

Code Key Code Key Code Key

1 E9-G1 4 E8-G1 3 E11-G1

2 E8-T2 5 E9-T1

6 E11-T1

Assessment based on EvM-staining:

Group 1: TachoSil Group 2: GATT-Patch No remnant on pleural surface

Code Key Code Key Code Key

2 E8-T2 1 E8-G1 3 E11-G1

4 E9-G1 5 E9-T1

6 E11-T1





Chapter 8
General discussion
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A significant problem with experimental research, is the external validity of 
the model used, causing problems when translating the findings to clinical 
practice.(5) This thesis incorporated several studies to investigate and 
substantiate the used methodologies. The best method for measurement of 
pulmonary air leak (PAL) was validated in Chapter 2 and used in Chapter 4, 5 
and  6. Previous animal models of PAL were systematically investigated in 
Chapter  3, which were combined with the investigations of Chapter  5 to 
improve understanding of intrinsic sealing mechanisms in healthy animal 
lungs and pathophysiology of clinical PAL. These findings formed the basis for 
developing the acute aerostasis and long term biocompatibility models.

In order to fill the unmet clinical need for more effective lung sealants, a 
novel NHS-POx based patch was investigated in a series of experiments 
aimed at translational value.(6) Three models were used: the ex-vivo 
dynamic porcine lung model (Chapter  4), the in-vivo acute aerostasis model 
(Chapter  6) and the in-vivo long term biocompatibility model (Chapter  7). 
The studies demonstrated superior aerostatic efficacy for the NHS-POx patch 
in comparison to currently used products, proof-of-principle for aerostatic 
sealing in a realistic surgical model and biocompatibility and biodegradability 
up to six weeks after application. The main findings are summarized in Table 1.

Here, the findings relating to efficacy, applicability and safety of the NHS-
POx patch will be discussed in an integrative way by considering translational 
value, relevance to clinical practice and knowledge gaps. Then, a perspective 
is given on future research and development towards clinical application.
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The underlying pathophysiological mechanisms of PAL are relevant with respect 
to face validity for testing lung sealants. First of all, there is hypothesized to 
be a difference in intrinsic sealing mechanisms between healthy animal lungs 
and diseased human lungs (Chapter  5). Secondly, due to emphysematous 
destruction of alveoli that is often present in patients at risk for pPAL, there 
will be a lower tissue density, resulting in a lower crosslink density and lower 
adhesive strength (as also discussed in Chapter  5 and  6).(10,  12,  13) Finally, the 
distance between alveoli may place a different requirement on the balance 
between adhesive and cohesive forces within a lung sealant.(14)

Figure 1: Illustrations of face validity of different air leak models used in this thesis (not to scale). 
A) The ex-vivo porcine lung model consists of an adhesive interface between normal alveoli 
and the patch, without intrinsic sealing mechanisms. B) The acute aerostatit model consists of 
sealing an air leak from a bronchiole (∅1.5-2mm) adjacent intrinsically sealed lung parenchyma. 
C) Possible example of the clinical situation in pulmonary emphysema. There is a lower crosslink 
density and the intrinsic sealing mechanisms are reduced.

The aerostatic efficacy of the NHS-POx patch was investigated in two 
preclinical models of PAL. The ex-vivo porcine lung model (Chapter 4) provides 
a platform of parenchymal PAL without intrinsic sealing mechanisms, but with 
a high crosslink density due to absence of emphysema.(15) Other considerations 
are ischemic tissue necrosis that may influence pH and crosslinking, and 
positive pressure ventilation without pleural mechanisms.(16-18) Superior 
bursting pressures were demonstrated for the NHS-POx patch in this model 
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compared to currently used tissue adhesives, and a second powered and 
randomized experiment demonstrated superior bursting pressure and air leak 
reduction for the NHS-POx patch as a single layer compared to Hemopatch®.

The ovine acute aerostasis model (Chapter 6) provides a model of bronchiolar 
PAL, with rapid intrinsic sealing of lung parenchyma and a high crosslink 
density.(10) The large gap that the sealant has to cross (∅1.5-2mm) puts a 
different requirement on the adhesive and cohesive forces required. Other 
considerations are realistic surgical application, presence of negative 
pressure ventilation, pleural mechanics, local homeostasis of pH, coagulation 
and immune mechanisms.(19) The sealing capability of the NHS-POx patch was 
confirmed in this model (proof-of-principle), in comparison to an untreated 
control group.

Both models provided clinically relevant PAL flow, as confirmed using 
mechanical ventilator measurements that were validated in Chapter 2.(4, 20-22) A 
summary of the models compared to the clinical situation is provided in Table 2 
and Figure 1.

Table 2: Side-by-side comparison of face validity of air leak models used in this thesis, compared 
to the clinical situation. Red indicates estimated poor comparability, yellow/orange moderate 
comparability, green high comparability.
1�Diameter of alveoli for parenchymal leak model based on (1, 2)
2�Lesions include staple lines, pulmonary hilum dissections, fissures, iatrogenic lesions,  
traumatic lesions (3)

3�Classification based on (4)
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The main knowledge gap to clinical practice for aerostatic efficacy, is the 
comparative effectiveness on clinically relevant emphysema models, with the 
research question:

“What is the aerostatic efficacy of the novel NHS-POx patch, in 
comparison to similar patches (e.g. Hemopatch® and TachoSil®), 
on the emphysematous human lung?”

Several approaches can be considered: rejected human donor lungs on ex-
vivo lung perfusion (EVLP), an emphysema animal model or a randomized  
clinical trial.(12, 23)

Use of human tissue could provide a model with high face validity for 
emphysema. During the research for this thesis, this approach was explored 
by use of fresh frozen cadavers, but seemed unsuited due to disrupted pH, 
which influences NHS ester reactivity (data not shown).(16,  24,  25) Fresh frozen 
cadavers may be suited for mechanical methods of aerostasis, such as the use 
of staple line reinforcement as investigated by Murray et. al.(26) Human EVLP 
lungs can provide an excellent alternative. A model on human EVLP lungs 
was described in  2021 by Cárdenes, perfusing lungs with various conditions 
including emphysema. Stable physiology was described for up to six hours. 
This can be an ideal step between in-vivo and clinical research, providing the 
final test for efficacy. Important downsides are low availability and no study of 
wound healing.(23)

Simulation of lung emphysema has only been attempted by one author in lung 
sealant research (Chapter  3).(9) Gika et. al. instilled elastase into the right 
lung of beagles, and performed lung sealant application after six weeks. 
This resulted in heterogenous emphysema, but samples could be tested 
specifically on diseased areas.(12) In other fields, various models of emphysema 
are described as outlined in the review by Liang et. al., including chronic 
smoke inhalation, chemicals (e.g. NO2, lipopolysaccharide) and genetic 
manipulation.(27) In lung sealant research, the most important characteristic 
appears to be the low tissue density. So, methods that disrupt the elastase/
anti-elastase balance to produce alveolar destruction seem most reasonable, 
compared to long time required for chronic smoke inhalation models or high 
costs of genetic modification models.(27)
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Handling and applicability

A lung sealant needs to be applicable under various surgical scenarios, as 
outlined in Chapter  1.(6,  28) The NHS-POx patch was surgically applied during a 
regular thoracotomy (Chapter  6), and through smaller muscle-sparing incisions 
(Chapter  7). No difficulties were seen due to insufficient flexibility and material 
breakage, such as in the trial by Homma using TissuePatchTM.(29) For TachoSil®, 
Gondé et. al. described sometimes challenging application for aerostasis due to 
friable composition.(30) In contrast, the NHS-POx patch was successfully folded 
around ‘oval’ lesions (Chapter  6), and the flexibility required for this may be 
similar to folding the patch around a stapler line. As a next step, efficacy should be 
confirmed on more heterogenous lesions that are routinely encountered clinically, 
including stapler lines, areas of dissected pulmonary hilum, fissures and iatrogenic 
lesions (e.g. resulting from manipulation during surgery) (Chapter 1).(3)

Applicability of the NHS-POx patch through thoracotomy incisions is a step 
in the right direction, but compatibility with video-assisted thoracic surgery 
(VATS) is essential, since this is routinely performed.(31) The NHS-POx patch 
seems usable under these conditions, as it has recently been used on liver 
bleeding in a robotic surgery model after introduction of a rolled-up patch 
through a 12mm trocar.(32) However, this needs to be verified on the lung due 
to differences in tissue characteristics.(14) It should be noted that prior lung 
sealants are scarcely tested in VATS. In the systematic review of McGuire, 
only 2/21 clinical trials tested application through VATS, and both were spray 
sealants.(33,  34) In clinical practice, patches such as TachoSil® are routinely 
applied in minimally invasive settings.(30, 35, 36) Surgeons are generally inventive, 
as also illustrated by the report of Kajiwara et. al., describing a new technique 
for easier laparoscopic application of TachoSil® during liver resections.(37) 
However, it is preferred if products are optimized for such applications in the 
pre-market phase, which may also prevent overestimation of efficacy when 
only testing in open surgery due to better analogy to clinical practice.(38)

NHS-POx was tested as a single and double layer. Application of the single 
layer is comparable to other patches (e.g. TachoSil® and Hemopatch®).(15) 
The double layer application is primarily of experimental interest, to test 
the capabilities of the NHS-POx technology. This application does not 
seem clinically usable due to complicated steps required, especially during 
VATS.(6,  15,  28) So further optimization, for instance in a thicker single layer 
design, is needed.
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A specific advantage of the NHS-POx patch design is homogenous 
impregnation with the functional polymer, that facilitates application of both 
sides.(39) TachoSil® and Hemopatch® both have an active side (coated design), 
that could increase the chances for application failures in stressful clinical 
scenarios.(40,  41) For example, Homma described difficulty to distinguish the 
active side in TissuePatchTM in their clinical trial during minimally invasive 
applications.(29) In the experiments of Chapter  7, application failure for 
TachoSil® was also observed by the investigating surgeon due to accidental 
application of the non-active side (data not shown).

Biocompatibility, biodegradability and safety

The local biocompatibility of the NHS-POx patch was investigated in Chapter 7 
on a healthy ovine lung model of superficial parenchymal injury. This model 
provides a platform to solely study healing mechanisms, as these lesions do 
not result in pPAL (Chapter 5).(10) By sacrificing the animals at various terms, 
the mechanisms associated with healing, inflammation and biodegradation 
can be studied and directly compared to untreated lung injuries and injuries 
treated with a control patch (fibrin-thrombin patch, TachoSil®).(42) The main 
finding of this study was that after lung application, the NHS-POx patch 
degrades within 6 weeks without a significant adverse inflammatory response 
in comparison to the control patch, while permitting local healing with visceral 
and parietal pleural thickening and fibrosis.

This model comes with various limitations with regard to the translational value 
to clinical practice. Patients undergoing lung resections may have one or more 
risk factors that influence local wound healing and inflammation mechanisms, 
such as emphysema, corticosteroid use, prior radiation and chemotherapy, 
anticoagulant use, advanced age and a reduced body-mass-index.(43,  44) In 
addition, the patch will be applied to significant PAL in clinical practice and not 
intrinsically sealed lesions, which may modify the wound healing process.(21)

Analogous to bone/cartilage scaffold biomaterials, overall mechanical strength 
should be sufficient over the healing duration to ensure the specific function.(45) For 
the lung, the seal integrity is a sum of the underlying tissue healing and the lung 
sealant strength. Due to degradation, the NHS-POx patch will lose mechanical 
strength over time, whereas the underlying tissue healing and replacement 
of the biomaterial with extracellular matrix will increase over time (as seen in 
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Chapter  7). These mechanisms should be studied in a clinically realistic PAL 
scenario, in order to prevent the occurrence of a secondary pneumothorax after 
chest tube removal (Figure 2). For example, such a premature sealant failure was 
seen in Chapter 6, associated with double-layer application.

Figure  2: Temporal aerostasis mechanisms (theoretical examples). A) The total seal strength 
remains higher than the minimal strength required to prevent air leakage. B) The total seal 
strength is lower than the minimal required seal strength, resulting in a pneumothorax. This may 
be due to prolonged healing mechanisms or too rapid biodegradation.

Further study is also required into the impact of the NHS-POx patch on adverse 
events, since cross-over effects and small sample size limit drawing strong 
conclusions on adverse events (Chapter  7).(39) First of all, it needs to be 
investigated whether the patch does not result in excessive adhesion formation 
in comparison to other used lung sealants, which can pose a problem during 
re-operations or restrict pleural sliding.(46,  47) Secondly, the impact of the 
pleural thickening should be studied in the context of pulmonary function in 
applications of lung patches larger then 5x5cm (i.e. lung expansion should not 
be significantly inhibited).(48) Thirdly, the influence of the patch on infectious 
complications is unknown for intrathoracic application.(49) Finally, the precise 
uptake pathways of the NHS-POx polymer from the tissue are unknown, and this 
should be further studied to ensure that there is no degree of local retention of 
the polymer, of which the long term consequences are unknown (Chapter 7).(50)

In summary, the following research questions can be formulated:

•	 “Is the total sealing strength capable of providing an aerostatic seal over the 
entire healing duration of the lung, in the context of factors affecting healing 
in clinical practice?”
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•	 “How does the NHS-POx patch influence adverse events, such as intrapleural 
infections, adhesions and pulmonary function, as compared to other used 
sealant products?”

•	 “What are the local uptake pathways of NHS-POx polymers from the 
application site, and is there a degree of local retention?”

The first two questions could be studied in a realistic in-vivo model mimicking 
the clinical situation, or a randomized clinical trial.(12,  51) In wound healing 
research, various pathophysiological models have been applied, including 
ischemia, infection, diabetes mellitus and obesity.(52) In research on bowel 
anastomosis, induction of ischemia in attempt to reduce wound healing is 
described.(53) Conversely, in lung sealant research, such animal models are not 
routinely applied, as seen in Chapter  3.(9) To simulate reduced lung healing, 
an emphysema model (as described above) could be combined with factors 
inhibiting wound healing (e.g. cigarette smoking, corticosteroid exposure), 
but validity of this should be established.(43)

Boerman et. al. has studied the excretion of radioactively labeled polyoxazolines 
after intravenous injection, by using single-photon emission computed 
tomography (SPECT/CT).(50) But, tracing of the NHS-POx after application to 
local tissue has not been performed. Local uptake, distribution and excretion 
of radiolabeled polyoxazolines after implantation in extravascular space (e.g. 
pleura, peritoneum, subcutaneous space) could be further investigated (e.g. 
with SPECT/CT), but isotopes with appropriate half-life need to be selected 
with respect to the biodegradation times.(54, 55)

From bench to bedside: considerations for 
clinical studies

Perspectives from current literature: number needed to treat
For a new technology to benefit patients, evidence from randomized clinical 
trials is required for market implementation. Clinical use can then be scaled up 
and guideline recommendations formulated for sustainable use.(56) Currently, 
it is recommended that lung sealants are only used if there is intraoperative 
pulmonary air leakage (IAL), that the severity of the intraoperative air leakage 
should be graded, and that patients with increased risk for pPAL have a stronger 
indication for lung sealant use (summarized in Table  3).(4,  6,  28,  49,  57-59) These 
recommendations can be considered as a reflection of the “number needed 
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to treat (NNT)”-problem with pPAL.(44) Despite the high incidence of IAL (up 
to 70%), only 7-12% of patients actually develop pPAL.(44, 57, 60) If lung sealants 
would prevent pPAL completely, this would still indicate a NNT of 8-14, which 
may be acceptable for low-risk and cheap medications to prevent disease, but 
not for expensive surgical interventions.(44)

Table 3: current clinical practice recommendations based on recent publications.

Author, year Type Recommendation

Aprile 2023 Systematic 
review

Only recommended for intra-operative treatment of 
air leak, not for pPAL prevention.(57)

McGuire, 2018 Sealants may be useful in case of intra-operative air 
leak, or with increased risk of pPAL.(58)

Belda-Sanchis, 2010 Sealant use aiming to reduce length of hospital stay 
is not recommended.(49)

Cardillo, 2022 Delphi 
Consensus

Use of sealants when: intraoperative AL 150-300cc, 
VATS, other methods difficult, modest lymphatic 
losses. Indication increased with risk factors.(28)

Zaraca, 2022 Treat moderate (100-400mL/min) AL in high-
risk cases and severe (>400mL/min) air leak. No 
consensus regarding sealant use.(4)

Brunelli, 2020 Determine use based on patient factors, including 
whether there is an air leak and the volume of the air 
leak.(6)

Singhal, 2010 Expert review No use on a routine basis, but incomplete evaluation 
in high-risk subgroups.(59)

Several studies have attempted to predict pPAL to improve patient selection 
(outlined in Table  4). Zaraca et. al. investigated pre-operative prediction of 
pPAL, validating four previous models on their dataset of VATS anatomical lung 
resections (n=3965), finding that at best pPAL can be predicted with high false 
positives.(44) Considering the numbers of the best-predicting model (Bordeaux 
model), the a-priori probability for pPAL in a pre-selected sample of high-
risk patients may be increased up to 16.1% (64/397) from the 11% prevalence 
baseline, but also missing  7.6% pPAL cases (46/603) in the identified low-
risk group.(44,  61) Smaller studies have assessed other variables (radiological 
emphysema index and intra-operative air leak size) that might further be able 
to improve the current prediction models, but this has not been integrally 
validated in a comprehensive prediction model in a large dataset.(22, 62) Of note, 
Brunelli et. al. describes that pPAL may be present in 55% of patients with an 
intra-operative air leak of >500mL/min (vs  9% when <500mL/min), but this 
was only assessed in a small cohort (n=111).(21)
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Table 4: identification of high-risk patients for developing pPAL

Author, 
year

Type N Predictors Relevant findings

Zaraca,  
2021(44)

Validation of 
four previously 
published 
pre-operative 
prediction models

3965 Best model (Bordeau 
model, Rivera et. al.(61)) 
used male gender, linear 
BMI, dyspnea score, 
pleural adhesions, type 
of resection and location 
of resection (originally 
validated on n=24,113)

Net benefit: 23/1000 
patients
High false 
positives: 333 cases
C-statistic = 0.65 (0.62-
0.68)

Moon,  
2019(63)

Radiological 
prediction score

41 Emphysema index (EI)
Lobe-specific emphysema 
index (LEI)

EI AUC 0.810
LEI AUC 0.931

Murakami,  
2018(62)

Radiological 
prediction score

284 Emphysema index (EI) EI AUC 0.85 (0.73-0.98)

Brunelli,  
2017(21)

Intra-operative air 
leak prediction

111 Intraoperative air leak 
(IAL)

pPAL in 55% if IAL 
>500mL/min, in 6% if 
IAL <500mL/min

Kim,  
2017(22)

Intra-operative air 
leak prediction

1060 Ventilatory leak >9.5% of 
tidal volume

Predictor of pPAL 
(adjusted OR 1.59 
[1.37-1.85)

Perspectives from previous clinical trials
A clinical trial should be designed to mirror clinical practice and use relevant 
outcome measures, to maximize external validity.(38) In the systematic review 
by McGuire et. al., several methodological issues are observed, including lack 
of clinically realistic selection of patients and procedures, control groups and 
outcome measures.(58) Outcome measures other than pPAL or length of hospital 
stay are often used, indicated by the data that 12/21 trials contributed to meta-
analysis of effects on pPAL, and 9/21 to effects on length of stay.(58) Head-to-
head comparisons between lung sealants are rare, and only performed by 2/21 
trials.(15,  33,  58,  64) Standardized air leak quantification measurements (such as 
the one validated in Chapter  2) are rarely used (most use the visual bubble 
scale).(60,  65,  66) With respect to internal validity, lack of outcome assessor 
blinding, standardization of air leak assessment and chest-tube protocols 
was observed.(58)

Taking this into account, there are some noteworthy trial designs to be 
considered in the context of the NNT-problem. Intraoperative air leak 
measurement to guide lung sealant indication was used by Zaraca et. al. (air 
leak  150-400mL/min), overcoming the problem of inter-observer variability 
with visual bubbling scores.(20) Rena et. al. tested TachoSil® in high-risk 
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patients, with chronic-obstructive pulmonary disease undergoing upper 
lobectomies, which led to prolonged PAL (>7 days) in  8/30 (26.7%) in the 
control group and only  1/30 in the treatment group (3.3%) (NNT =  4.3).(65) 
Moser et. al. studied sealant effectiveness in bilateral lung volume reduction 
surgery, using one side as intervention and one side as control, demonstrating 
pPAL (>7 days) in  7/22 (31.8%) control and  1/22 (4.5%) treated sides (NNT 
=  3.7).(34) DeLeyn and Wain propose a risk-stratification score for their 
randomization scheme to increase the comparability between groups.(60, 67)

Recommendations for a randomized clinical trial
With many lung sealants tested and the problem of pPAL still unresolved, 
a modern randomized clinical trial with a new device should attempt to 
incorporate all the best principles and practices based on previous knowledge. 
An example of such a design is provided in Figure 3. The following aspects may 
be considered:

•	 Selection of high-risk patients for inclusion to heighten the a-priori odds  
of pPAL.(44, 65)

•	 Inclusion of both open surgery and VATS to reflect the reality of clinical 
practice.(58, 68)

•	 Test new sealants in head-to-head comparative trials.(15, 58)

•	 Use of quantifiable measures of air leakage together with standardized 
ventilator settings intra-operatively for selection of patients.(20)

•	 Use of quantifiable measures of air leakage post-operatively (digital 
chest drainage), to improve standardization of assessment and drain 
removal protocols.(69)

•	 Apply principles of blinding for outcome assessment and data-analysis.(58)

•	 Power trials on pPAL as primary outcome measure, since this is the clinical 
problem that is associated with increased complications.(70)

•	 Length of hospital stay and length of chest drainage should only be 
considered reliable if the outcome assessors were blinded and the 
protocols adequately standardized. These measures may be used for cost-
effectiveness calculations of the new treatment.(20, 58)

•	 Ensure adequate long-term follow-up to investigate any possible unknown 
adverse long-term consequences (e.g. imaging for adhesions, lung function 
tests, blood tests).(71-73)
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General conclusions

The preclinical findings with the NHS-POx patch as a lung sealant are promising, 
but there still are several research questions that remain unanswered. The 
NHS-POx double layer application methods does not seem clinically feasible, 
so the NHS-POx single layer application method should be further improved 
and comparatively tested in clinically realistic scenario’s and VATS. Face 
validity was found to be an important characteristic in preclinical model 
design, and as a consequence there still are open questions regarding efficacy 
on lung emphysema, reduced intrinsic healing capacity, temporal aerostatic 
efficacy and safety parameters. There are various future study designs 
possible to answer these research questions. As a next step, I would propose 
testing the NHS-POx patch in a preclinical model of more clinically realistic 
lesions, preferably in an emphysema model. Ultimately, novel therapies need 
to be tested in well-designed randomized clinical trials that reflect the target 
patient population, to ensure translation from bench to bedside.
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English Summary

Worldwide, more than two million people are diagnosed with lung cancer each 
year, and many of them have to undergo surgery. Often, air leakage occurs 
afterward, and in about one in ten cases, this persists for a longer duration. 
This is known as prolonged air leakage, leading to more complications and 
higher mortality. Additionally, patients must stay in the hospital longer, require 
a chest tube to continuously suction air from the chest cavity, and this results 
in higher costs for society.

The lung consists of airways branching into small air sacs (alveoli), allowing 
the lung to hold a lot of air (five to six liters). The structure of the lung, 
therefore, resembles a sponge. In healthy lungs, air leakage often heals on 
its own, but certain factors increase the risk of prolonged air leakage. For 
instance, in people with chronic obstructive pulmonary disease (COPD), the 
walls between the alveoli break down, making their lungs consist of an even 
larger portion of air.

Surgeons typically use medical staplers or sutures to stop air leakage. If these 
are insufficient, medical glues, sprays, or patches (lung sealants) can be used. 
Unfortunately, current lung sealants are still inadequate. Recently, a new 
synthetic sealant based on the polymer polyoxazoline has been developed, 
which has strong adhesive properties and is biodegradable. This polymer has 
been incorporated into a gelatin patch, allowing it to be applied to tissues 
during surgery (NHS-POx patch). This patch has already been investigated for 
stopping bleeding. This thesis will investigate whether the NHS-POx patch is 
also suitable for air leaks of the lung.

It is important to treat only those patients with a lung sealant who will truly 
benefit from it. It has been shown that larger air leaks in particular, are more 
likely to persist. The test most commonly used now (the ‘water submersion 
test’) is subjective, and more research is needed to standardize treatment. 
In Chapter 2, the reliability of existing measurements using a ventilator was 
further investigated in a laboratory setting. It was found that relevant air leaks 
can be reliably measured. This measurement technique is further used in 
this thesis.

Before the NHS-POx patch can be tested in humans, it must first be tested in 
animals. A literature review was conducted on the animal models previously 
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used (Chapter 3). It was found that there is no standard model available for 
this research. Most research is conducted on healthy young animals, and only 
a minority describe the use of control groups to demonstrate the reliability of 
the model. The animals are therefore difficult to compare with patients who 
develop prolonged air leaks. The knowledge gained from this literature review 
was used in the development of the animal models in Chapters 5, 6, and 7.

Before research was conducted with live animals, pig lungs obtained from the 
slaughterhouse were used (Chapter 4). These lungs were cooled, transported 
to the laboratory and re-ventilated. Superficial lesions were created, 
mimicking a realistic air leak. The NHS-POx patch was then tested as a single 
layer and double layer, and compared to four other lung sealants. The pressure 
was gradually increased until leakage occurred, and these pressures and 
leaks were compared. It was found that the new patch performed better when 
compared to existing treatments. Based on these results, further research in 
live animals was conducted.

Since there is no standardized animal model available for lung sealant 
research, Chapter 5 describes how different types of lung injuries in healthy 
sheep can lead to air leakage. The experiments are conducted under general 
anesthesia, and the sheep are euthanized at the end of the experiment. This 
study showed that superficial injuries, like those in Chapter 4, do not lead to 
realistic leakage in live animals due to rapidly occurring healing mechanisms 
in healthy lungs. A model based on larger injuries that lead to air leakage over 
several hours was developed afterward.

In Chapter 6, the NHS-POx patch was tested as a single and double layer on 
these injuries and compared to untreated injuries. It was found that the patch 
can be applied to the lung through a cut between the ribs and is flexible enough 
to cover the edges of the lung. Under general anesthesia, the sheep continued 
to breathe for several hours to simulate the situation after lung surgery. 
Compared to untreated injuries, air leakage was reduced, confirming that the 
NHS-POx patch can also be effective in realistic scenarios.

Hereafter, the safety of the NHS-POx patch on the lung is also investigated 
in a sheep model (Chapter 7). In this study, the animals need to recover 
from the surgery. The procedure is performed through a smaller incision, 
and pain relief is provided postoperatively, as is done in humans. The patch 
is tested on superficial injuries that do not cause air leaks, allowing for the 



236 | Chapter 9

assessment of biodegradability and wound healing compared to another patch 
and an untreated injury. All the sheep recover well from the surgery and are 
euthanized for microscopic examination at five days, two weeks, or six weeks 
post-operation. The results showed that the NHS-POx patch caused more 
inflammation than the untreated injury before it was degraded, but after 
six weeks, it was likely completely biologically degraded without causing 
significant inflammation. Local healing with scar formation was observed, 
similar to the other patch and the untreated control group.

Overall, the NHS-POx patch appears to be a promising material for preventing 
long-term air leaks. However, further research is needed. The long-term 
effectiveness and safety need to be investigated in diseased lungs (such as 
COPD) compared to existing lung sealants. The double layer of the patch could 
be developed into a thicker single layer, and its applicability via thoracoscopic 
surgery needs further investigation. Ultimately, studies in patients are 
necessary before the NHS-POx patch can be used in clinical practice. 
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Nederlandse samenvatting

Wereldwijd krijgen er jaarlijks meer dan twee miljoen mensen longkanker, 
en veel van hen moeten een operatie ondergaan. Vaak ontstaat er hierna 
luchtlekkage, en in ongeveer één op de tien gevallen houdt dit langdurig aan. 
Dit wordt langdurige luchtlekkage genoemd, wat leidt tot meer complicaties 
en sterfte. Daarnaast moeten patiënten langer in het ziekenhuis blijven, is er 
langdurig een slangetje nodig om de lucht uit de borstholte af te zuigen en leidt 
dit tot hogere kosten voor de maatschappij.

De long bestaat uit luchtwegen die vertakken tot kleine longblaasjes (alveoli), 
waardoor de long veel lucht kan vasthouden (vijf tot zes liter). De structuur 
van de long heeft hierdoor iets weg van een spons. Bij gezonde longen geneest 
de luchtlekkage vaak weer vanzelf, maar bepaalde factoren verhogen de kans 
op het krijgen van langdurige luchtlekkage. Zo gaan bij mensen met chronische 
obstructieve long ziekte (COPD) de wandjes tussen de alveoli kapot, waardoor 
de long bij deze mensen voor een nog groter deel uit lucht bestaat.

Chirurgen gebruiken meestal medische nietapparaten of hechtingen om 
luchtlekkage te stoppen. Als dit onvoldoende helpt, kunnen medische lijmen, 
sprays of pleisters gebruikt worden (long sealants). De huidige long sealants 
werken helaas nog onvoldoende. Recent is een nieuwe kunststof ontwikkeld 
op basis van het polymeer polyoxazline, dat een sterke plakkracht heeft en 
biologisch afbreekbaar is. Deze kunststof is in een gelatine pleister verwerkt, 
waardoor deze tijdens operaties aangebracht kan worden op weefsels (NHS-
POx patch). Deze pleister is al onderzocht om bloedingen te stelpen. In dit 
proefschrift zal worden onderzocht of de NHS-POx patch ook geschikt is voor 
luchtlekkages van de long.

Het is van belang om alleen patiënten te behandelen met een lung sealant, die 
hier ook echt baat bij hebben. Het is gebleken dat vooral grotere luchtlekkages 
een grotere kans hebben langer aan te houden. De test die nu meestal gebruikt 
wordt (de ‘fietsbandproef’) is subjectief, en er is meer onderzoek nodig 
om behandeling te standaardiseren. In Hoofdstuk 2 is de betrouwbaarheid 
van bestaande metingen met behulp van een beademingsapparaat verder 
onderzocht in een laboratorium opstelling. Hier is gebleken dat relevante 
luchtlekkages betrouwbaar gemeten kunnen worden. Deze meettechniek 
wordt verder gebruikt in het proefschrift.
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Voordat de NHS-POx patch in mensen getest kan worden, zal deze eerst in 
dieren getest moeten worden. Er is een literatuuronderzoek gedaan naar de 
diermodellen die eerder zijn toegepast (Hoofdstuk 3). Hieruit is gebleken dat 
er geen standaard model is dat voor dit onderzoek gebruikt kan worden. Veel 
onderzoek wordt gedaan in gezonde jonge dieren, en slechts een minderheid 
beschrijft het gebruik van controlegroepen om de betrouwbaarheid van het 
model aan te tonen. De dieren zijn dus lastig te vergelijken met patiënten 
die langdurige luchtlekkage krijgen. De kennis die is verkregen met dit 
literatuuronderzoek werd gebruikt bij de ontwikkeling van de diermodellen in 
Hoofdstuk 5, 6 en 7.

Voordat er onderzoek met levende dieren gedaan werd, zijn er longen gebruikt 
van varkens uit het slachthuis (Hoofdstuk 4). Deze longen werden gekoeld 
getransporteerd naar het laboratorium en opnieuw beademd. Er werden 
oppervlakkige letsels gemaakt, welke een realistisch luchtlek nabootste. 
Hierop werd de NHS-POx patch als enkele laag en dubbele laag getest, in 
vergelijking met vier andere lung sealants. De druk werd geleidelijk aan 
verhoogd tot er lekkage op trad, en deze drukken en lekkages werden 
vergeleken. Het bleek dat de nieuwe patch het beter deed dan de bestaande 
behandelingen. Op basis van de resultaten werd verder onderzoek in levende 
dieren verricht.

Omdat er nog geen gestandaardiseerd diermodel beschikbaar is voor 
het onderzoek naar long sealants, wordt in Hoofdstuk 5 beschreven hoe 
verschillende types letsel aan de long in gezonde schapen kunnen leiden 
tot luchtlekkage. De experimenten worden onder algehele narcose verricht, 
en de schapen worden aan het eind van het experiment geëuthanaseerd. 
Uit dit onderzoek blijkt dat oppervlakkige letsels zoals in Hoofdstuk 4 niet 
leiden tot realistische lekkage in levende dieren, door snel optredende 
genezingsmechanismen in gezonde longen. Er wordt hierna een model 
ontwikkeld op basis van grotere letsels, die over enkele uren leiden 
tot luchtlekkage.

In Hoofdstuk 6 de NHS-POx patch als enkele en dubbele laag op deze letsels 
getest en vergeleken met onbehandelde letsels. Het bleek dat de patch via 
een snee tussen de ribben kan worden aangebracht op de long en flexibel 
genoeg is om randen van de long te bedekken. Onder algehele narcose 
blijven de schapen enkele uren ademen om de situatie na een longoperatie 
na te bootsen. In vergelijking met de onbehandelde letsels is de luchtlekkage 
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verminderd, wat bevestigt dat de NHS-POx patch ook werkzaam kan zijn in 
realistische scenario’s.

Hierna wordt ook de veiligheid van de NHS-POx patch op de long onderzocht 
in een schapenmodel (Hoofdstuk 7). Hier moeten de dieren ook weer bijkomen 
van de operatie. Er wordt via een kleinere snee gewerkt, en pijnstilling 
gegeven na de operatie zoals dit ook bij mensen gedaan wordt. De patch wordt 
getest op oppervlakkige letsels die geen luchtlek veroorzaken, zodat alleen 
naar de biologische afbreekbaarheid en wondgenezing gekeken kan worden, 
in vergelijking met een andere patch en een onbehandeld letsel. Al de schapen 
herstellen voorspoedig van de operatie, en worden voor microscopisch 
onderzoek op vijf dagen, twee of zes weken geëuthanaseerd. Hieruit bleek dat 
de NHS-POx patch voordat deze afgebroken was meer ontsteking had dan de 
onbehandelde letsel, maar na zes weken waarschijnlijk helemaal biologisch 
afgebroken was zonder relevante ontstekingsreactie. Er werd lokaal 
genezing gezien met littekenvorming, vergelijkbaar met de andere patch en 
onbehandelde controlegroep.

Alles tezamen, lijkt de NHS-POx patch een veelbelovend materiaal om 
langdurige luchtlekkage te voorkomen. Wel is er nog verder onderzoek nodig. 
De lange termijn effectiviteit en veiligheid moet onderzocht worden op zieke 
longen (COPD) in vergelijking met bestaande long sealants. De dubbele laag 
van de patch zou doorontwikkeld kunnen worden tot dikkere enkele laag, en 
toepasbaarheid via kijkoperaties moet verder onderzocht worden. Uiteindelijk 
zijn onderzoeken in patiënten nodig voordat de NHS-POx patch gebruikt kan 
worden in de gezondheidszorg.
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Research Data Management

Data collection, analysis and storage
Animal experiments were performed after ethical review by an independent 
ethical committee and a project license was provided by the ‘Centrale Comissie 
Dierproeven’. All experiments were performed in accordance with national and 
international legislation. Protocols were always prepared prior to experiments, 
and in case of studies involving live animals these were additionally registered 
with the institutional animal welfare body. The systematic review protocol was 
published in the International Platform of Registered Systematic Review and 
Meta-analysis Protocols (INPL ASY). Data was collected during the period of 
this thesis (April 2020 – July 2023) in the form of spreadsheets, notes (PDF), 
photos, videos, Matlab files and histological samples. Data was processed and 
analyzed as described in the individual chapters. Processed data is saved in 
SPSS Databases for statistical analysis. All study data is digitized and stored 
on the Radboud Bulk Storage environment ‘\\umcsanfsclp01\CTC_Sealants’, 
and will be stored for at least 15 years after termination of the study. This 
data is backed-up by the Information and Communication Technology (ICT) 
department. Storage is structured per research study, where raw data is kept 
separate from processed data. Access is managed through the department 
of cardiothoracic surgery and only granted to persons directly working with 
the study data. Paper files and notes are also stored in locked cabinets in the 
central animal laboratory, as well as histological samples.

Data sharing
Relevant data on which the conclusions are based are generally published in 
the article in tables and figures, or as an additional supplement. Additional 
data (e.g. raw data files) can be shared upon reasonable request, considering 
the goal of the request (e.g. academic or commercial) and intellectual property 
rights. To allow for reuse, relevant documentation (e.g. protocols, experiments 
notes) can be shared alongside this data.

Data management was performed as much as possible in accordance with the 
FAIR principles (Findable, Accessible, Interoperable, Reusable).
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Portfolio

Department:	 Department of Cardio-thoracic surgery
PhD period:	 17/04/2020 – 17/04/2024
PhD Supervisor(s):	� prof. dr. A.F.T.M. Verhagen, prof. dr. H. van Goor, 

prof. dr. H.F.M. van der Heijden
PhD Co-supervisor(s):	 dr. R.P.G. ten Broek

Training activities Hours

Courses
	- Radboudumc - Laboratory animal science (2021)
	- RIHS - Introduction course for PhD candidates (2022)
	- Radboudumc - Scientific integrity (2022)
	- Matlab self-paced online courses (2021)
	- Technical University Eindhoven Systems in time and space (2022)

84
15
20
12,5
140

Seminars
	- 2nd Postoperative Complications Summit Virtual Edition (2021)
	- Research Integrity Round: The dark side of science (2021)
	- Research Integrity Round: Collaboration with profit and non-profit organisations 

(2021)
	- Research Integrity in times of crisis: Juggling slow and fast science

4
1,5
1,5

1,5

Conferences
	- Nederlandse Vereniging voor Thoraxchirurgie (NVT) Wetenschappelijke 

voorjaarsvergadering, oral presentation (2021)
	- Symposium Experimenteel Onderzoek Heelkundige Specialismen (SEOHS), oral 

presentation (2021)
	- Society of Thoracic Surgery (STS) Annual Meeting, pre-recorded presentation 

(2022)
	- Symposium Experimenteel Onderzoek Heelkundige Specialismen (SEOHS), oral 

presentation (2022)
	- European Association for Cardio-Thoracic Surgery (EACTS) Annual Meeting, oral 

presentation (2023)

1,5

6

8

8

24

Other
	- Species specific training in laboratory animals: sheep (2021)
	- Presentation coaching (2021)

40
3

Teaching activities

Supervision of internships / other
	- Guiding Bachelor Biomedical Science internship (2023) 20

Total 390,5



244 | Attachments

Dankwoord

“If I have seen further, it is by standing on the shoulders of giants”, luidde 
de woorden van Sir Isaac Newton. En zo ook was dit academische werk 
nooit mogelijk geweest zonder het team om me heen en iedereen die me de 
afgelopen jaren gesteund heeft. 

Prof. dr. Ad Verhagen, vanaf het moment dat ik als vierdejaars student 
geneeskunde bij u kwam, voelde ik mij gesteund in mijn promotieonderzoek. 
Naast al de wetenschappelijke discussies die dit proefschrift inhoudelijk mede 
hebben gevormd, wil ik u bedanken voor het vertrouwen wat ik heb gekregen en 
de vrijheid om me te ontwikkelen tot een zelfstandig onderzoeker. Daarnaast 
bent u op klinisch vlak een rolmodel: empathisch, betrokken, respectvol en 
kundig; als arts en chirurg plaatst u de patiënt centraal. 

Prof. dr. Harry van Goor, uw oprechte betrokkenheid om mij te laten groeien 
tot een kritische denker is onmiskenbaar. Zonder onze discussies en uw 
visie, soms anders dan die van mij, was dit proefschrift nooit geworden wat 
het is. Zoals de woorden die u aanhaalde bij uw afscheidsrede “Off Balance, 
On Purpose”, heeft u mij tijdens dit traject ook geïnspireerd om buiten mijn 
comfort zone te gaan en te groeien, ook al is dit niet altijd eenvoudig. 

Prof. dr. Erik van der Heijden, uw doortastendheid als wetenschapper om zaken 
tot op de bodem uit te zoeken waren belangrijk voor het wetenschappelijke 
proces. Ik wil u bedanken voor uw aanmoediging, geduld en vertrouwen in mij 
en dit proefschrift. 

Dr. Richard ten Broek, hoewel je pas wat later bij het promotieteam kwam, heb 
je een grote rol gespeeld in mijn academische ontwikkeling. Je intelligentie, 
werk ethiek, perfectionisme en integriteit zijn terug te vinden in dit proefschrift. 
En naast de vele uren dat we hebben besteed aan inhoudelijke discussie en 
het schrijven van wetenschappelijke artikelen, waren onze dialogen over 
uiteenlopende onderwerpen een verrijkende toevoeging. 

De leden van de manuscriptcommissie, Prof. dr. Otto Boerman, Prof. dr. Michel 
van den Heuvel en Prof. dr. Jerry Braun, wil ik graag bedanken voor het lezen 
en beoordelen van dit proefschrift. 
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Wilson Li, ik kwam al als tweedejaars student bij je voor het wetenschaps
project, en je hebt me al die tijd gesteund in mijn ontwikkeling en deze 
promotie. Je geduld, visie en perfectionisme bij het schrijven van mijn eerste 
wetenschappelijke artikel waren ontzettend waardevol. Jouw lessen in 
academisch schrijven, zijn terug te lezen in de wetenschappelijke stukken in dit 
proefschrift. Daarnaast ben je een uitstekend onderwijzer, en je enthousiasme 
hierin is aanstekelijk.

Daniël van Dort, zonder jou was dit proefschrift er nooit geweest. Van 
het eerste idee en proefopstelling tot de geavanceerde experimenten. Je 
buitengewoon creatieve visie, oplossingsvermogen en jou vermogen om 
mensen met elkaar te verbinden zijn slechts een aantal eigenschappen die dit 
mogelijk hebben gemaakt. Je hebt me de afgelopen jaren helpen groeien door 
te vertrouwen, als mentor en als vriend. 

Edwin Roozen, je passie voor wetenschappelijk onderzoek en de nieuws
gierigheid naar de wereld om ons heen zijn aanstekelijk. We hebben vele uren 
samen doorgebracht in het lab in de ontwikkeling van de proefopstellingen, 
waarbij je altijd problemen vanuit een andere creatieve hoek wist te bekijken. 
Bovenal heb je me ook laten zien dat ik soms stil moet staan, en genieten van 
de wereld om ons heen. 

Shoko Vos, toen ik begon met dit promotieonderzoek had ik niet gedacht dat 
ik zo veel tijd zou spenderen aan het bestuderen van microscopische coupes. 
Hoewel het urenlang zelfstandig bestuderen van immuunreacties op weefsels 
soms lastig was, maakte jou enthousiasme en geduld voor het vak dit een 
ontzettend leerzaam en waardevol deel van dit proefschrift. 

Ik wil iedereen van GATT-Technologies bedanken voor de steun en het 
vertrouwen, om mij als onafhankelijke onderzoeker de door hen ontwikkelde 
NHS-POx patch te laten onderzoeken als lung sealant, in het bijzonder Johan 
Bender en Stuart Head. Zonder hen was dit project niet mogelijk geweest. 

Het werk dat achter de schermen is verricht door het team van het centrale 
dierenlaboratorium is van onschatbare waarde. Ik wil al het betrokken 
personeel bedanken voor hun toewijding aan zorg voor de dieren en 
deskundigheid op wetenschappelijk gebied. Alex, Maikel, Stefanie, jullie 
jarenlange expertise en flexibiliteit als biotechnici hebben deze chirurgische 
experimenten mogelijk gemaakt. Pieter, Jeanette, Manon, Anke, jullie input 
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heeft gezorgd voor experimenten van hoge wetenschappelijke waarde en een 
optimaal dierenwelzijn. Tom, Conrad, ik wil jullie bedanken voor de goede zorg 
voor de schapen op de boerderij.  

Wetenschappelijk onderzoek is niet mogelijk zonder toewijding, aandacht voor 
details en perfectionisme van het hele team. Roger, naast deze eigenschappen 
stelde je altijd de juiste kritische vragen en hebben deze experimenten naar 
een hoger niveau gebracht. Nicole, dit geld ook voor jou, en ik wil je daarnaast 
bedanken voor je enthousiasme en toewijding voor het onderzoek tijdens onze 
lange dagen in het lab. 

Juul, je hebt als ambitieuze student grote wetenschappelijke interesse getoond 
in verschillende onderwerpen en met veel enthousiasme dit proefschrift 
ondersteund. Het was een genoegen om met je samen te werken en ik wil je 
hiervoor bedanken. Daarnaast wil ik Merve, Pim en Jort bedanken, die als 
student dit proefschrift op verschillende vlakken ondersteund hebben. 

Data-acquisitie en analyse met Matlab zit niet in het standaard pakket van de 
medische opleiding. Jeroen, René, Timo, Jasper, ik wil jullie bedanken voor 
jullie hulp en begeleiding hierin, ik heb ontzettend veel van jullie geleerd. 
Jan Hofland en Lisanne Roesthuis, ik wil jullie bedanken voor jullie hulp op 
het vlak van beademing- en luchtlekmetingen. Voor de technische expertise 
betreffende de luchtlek-metingen en experimentele opstellingen wil ik Joris, 
Tonny, Ben, Raymond, Marco en Erik bedanken.

Mijn eerste ervaring met wetenschappelijk onderzoek begon bij Joris en Jos 
op de afdeling cardiologie, ik wil jullie bedanken voor de begeleiding om 
aandacht voor details te ontwikkelen tijdens data-verzameling. 

Naast het onderzoek voor dit proefschrift heb ik ook mijn coschappen gelopen 
voor mijn geneeskunde studie. Ik wil de A(N)IOs en PA(io)s bedanken voor het 
geduld om mij als senior-coassistent te laten ontwikkelen tot een zelfstandig 
arts-assistent. Ik ben dankbaar om hierna als collega deel uit te mogen maken 
van het team, waarbij humor en gezelligheid essentiële luchtigheid brengen in 
de soms stressvolle en droevige klinische praktijk. 

Het is een eer om de operaties aan hart en long bij te mogen wonen en 
hierbij te assisteren, en de vaardigheid, stressbestendigheid en discipline 
van de cardio-thoracaal chirurgen van het Radboudumc Dr. Verkroost,  
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Dr. Van Garsse, Prof. Heijmen, Dr. Geuzenbroek, Dr. Van Wetten, Dr. Saouti 
en Dr. Nauta,  is ontzagwekkend en inspirerend. In het bijzonder wil ik Dr. van 
der Heide bedanken voor het ontwikkelen van de chirurgische technieken 
voor experimenten in dit proefschrift. Als laatste wil ik iedereen van het 
stafsecretariaat bedanken voor de ondersteuning tijdens dit promotietraject, 
in het bijzonder Harold Kerstens voor de projectmatige ondersteuning. 

Tijdens mijn studie geneeskunde heb ik meerdere mentoren gehad, en ik 
wil Hanneke Nabuurs, Hans Timmermans, Dirk Geurts en Anne van Altena 
voor hun steun in verschillende fasen van mijn opleiding en ontwikkeling 
tot een zelfstandig arts, en Prof. Kramers voor het mentorschap tijdens dit 
promotieonderzoek. Het uitvoeren van promotieonderzoek tijdens de studie 
geneeskunde is geen standaard pad, en dit was nooit mogelijk geweest zonder 
de steun van de studieadviseur Nikkie Meijers, die zich hard heeft gemaakt 
voor mijn project en mij heeft geholpen met een tijdelijke onderbreking van 
de coschappen om me fulltime te focussen op wetenschap, met de visie om 
de hoogste kwaliteit in zowel mijn opleiding tot arts als wetenschapper te 
garanderen. Ik wil mijn dankbaarheid naar Nikkie en hierna haar opvolger 
Gaby van Welsem hiervoor uitspreken. Daarnaast wil ik het Radboud Institute 
for Health Sciences bedanken voor hun steun van dit promotietraject. 

Zonder vrienden zou het een eenzaam pad zijn, en ik ben dankbaar voor al de 
mooie vriendschappen die ik onderweg heb gemaakt. Natuurlijk de mannen uit 
Brabant, Lars, Bram, Thijs, Emiel, Dirk, Luc, Sander, Koen, Timo, Cor, Tom, 
humor en gezelligheid staan altijd voorop. En hoewel we elkaar de afgelopen 
jaren minder vaak zien, voelt het altijd als thuiskomen. Steven, naast onze 
wetenschappelijke samenwerkingen, hebben we onze fysieke en mentale 
grenzen verlegd met intervaltrainingen voor dag en douw op de atletiekbaan, 
zwemtochten door Nijmeegse wateren en natuurlijk de Ironman in Duisburg. 
Sven, we kennen elkaar vanaf dag één van de geneeskundestudie en hebben 
veel mooie avonturen mogen beleven, op fietstochten, wildkampeertochten en 
triatlons. Kenney, jouw promotieonderzoek was voor mij mede een inspiratie. 
We kunnen goed over gedeelde interesses praten of over uiteenlopende 
onderwerpen discussiëren, maar gezelligheid staat altijd voorop. Michelle en 
Sophie, jullie ambitie en sportiviteit is aanstekelijk. 

Ik ben bevoorrecht om uit een bijzonder hechte en warme familie te komen. 
Pap, je hebt me geleerd om te vallen en weer op te staan, door de zure appel 
heen te bijten en hoe je door hard werk en discipline de stip op de horizon kunt 
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nastreven. Mam, je hebt mijn nieuwsgierigheid in de wereld al vanaf jonge 
leeftijd aangemoedigd, en bent er altijd, onvoorwaardelijk voor ons geweest, 
ook als het moeilijk was. Jullie hebben mij mijn eigen keuzes (en fouten) laten 
maken, waar ik jullie ontzettend dankbaar voor ben. Rik en Jasmijn, gelukkig 
is het altijd gezellig met zijn drieën, en het is geweldig om jullie ambitie, passie 
en ondernemerschap te mogen aanschouwen.

Mijn echtgenote Jill, met jou humor, gezelligheid en lach laat je me altijd 
genieten van het moment. We hebben veel mooie avonturen beleefd samen en 
kunnen voor alles op elkaar vertrouwen. Je hebt mij vanaf het begin gesteund 
in mijn ambities, en zonder jouw steun, ook op de momenten dat ik het moeilijk 
had, was dit nooit gelukt. Mijn dank gaat uit naar jouw onvoorwaardelijke 
liefde, warmte en steun in voor en tegenspoed.

Zoals ijzer met ijzer wordt geslepen,
Zo scherpt de ene mens de ander

Spreuken 27:17
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Curriculum vitae

Bob P. Hermans was born on the 18th of August 
1998 in Veldhoven, the Netherlands. In 2016 he 
obtained his pre-university education. He studied 
medicine at the Radboud University Medical Center 
in Nijmegen, obtaining his bachelor’s degree Cum 
Laude in 2019.

His affinity with research began as a first year 
medical student, starting out as a research 
assistant at the department of cardiology. Later, 
he started working with at CardiacBooster B.V., a 

company developing a new cardiac assist device, where he acquired skills in 
(animal) experimentation, innovation, and research.  Concurrently, he also ran 
a small company called SurgicalTraining, with the aim of providing low-cost 
training materials for acquisition of basic surgical skills to medical students.

He started his master’s degree in 2019, but during the COVID-pandemic, clinical 
rotations were temporarily put on hold. Bob used this time to start his PhD 
research, after having heard of the new polyoxazoline patch as a hemostatic 
agent. Under supervision of Prof. Verhagen, he completed a survey amongst 
Dutch thoracic surgeons into the use of lung sealants, and developed the  
ex-vivo model for testing of lung sealants. With these studies, the foundation 
was laid for the PhD-trajectory.

He combined his PhD research and his clinical internships for some time, 
until taking a one-year break to focus on the experimental research phase in 
2022. During this time, he also completed a course at the Technical University 
Eindhoven into mathematical subjects including vector calculus. In 2023, 
he completed his final internships at cardiology and cardio-thoracic surgery 
departments, graduating as a medical doctor in November 2023.

He has presented research at multiple national and international conferences, 
and has been awarded several awards, winning the ‘best presentation’ award 
at the symposium for experimental research in surgical specialties in 2021 and 
2022 and the award for ‘best abstract’ in the Dutch society of cardiothoracic 
surgery annual meeting. He was recognized as an Outstanding Author by the 
Journal of Thoracic Disease in 2023.
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