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Abstract — Objective: Gas embolism (GE) is a potentially life-

threatening condition with difficult in vivo investigation. The 

physical nature of the initial stages of GE makes in vitro abiotic 

microfluidics valuable for phenomenological studies. A versatile 

microfluidic system was used to mimic the microscale iatrogenic 

GE during gastroscopy, laparoscopy, and hyperbaric therapy 

under three scenarios: gas transfer through perforated or non-

perforated microvasculature, and via tissue supersaturation. 

Methods: Polydimethylsiloxane devices mimicking microvascular 

geometries, with, or without injuries, hosted the flow of artificial 

blood. Localized gas pressures comparable to those used in 

gastroscopy, laparoscopy, and hyperbaric therapy were applied on 

microvasculature using air, carbon dioxide or /nitrogen to mimic 

microscale GE. Results: Air and carbon dioxide produced 

markedly different GE patterns. Air generated numerous small 

bubbles across the entire pressure range, and a distinct population 

of larger emboli at lower pressures. Conversely, carbon dioxide 

embolism occurred beyond a threshold pressure (23-58 mm Hg), 

but once initiated, complete blockage or continuous gas injection 

lasting tens of seconds occurred. Conclusion: Air embolism may 

occur in injured microvasculature at pressures within the lower 

range encountered during gastroscopy. Carbon dioxide embolism 

requires higher pressures, but once triggered, it can result in high-

volume gas entry during laparoscopy. High pressure gas-

supersaturated tissues can act as gas ‘reservoirs’ prolonging GE 

therapy. Significance: These findings underscore the risk of air GE 

in gastroscopy and the need for pressure and flowrate control; 

possible carbon dioxide GE during laparoscopy warrants further 

assessment; and the duration of gas clearance during GE therapy 

needs to be considered. 

 
Index Terms—Gas embolism, laparoscopy, gastroscopy, 

microfluidics 

I. INTRODUCTION 

ASCULAR gas embolism is a medical condition 

characterized by the presence of gas bubbles (or in the 

medical context, gas emboli), in the circulatory system, where 

they can lodge and obstruct blood flow[1]. The evolution of gas 

embolism involves two parallel, but temporally distinct 

pathways[2]. The first, fast physical path encompasses rapid 

formation of gas emboli and the development of a protective 

membrane around the bubbles, that delays their dissolution into 

the bloodstream. This process can result in mechanically 
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obstructed blood vessels, reducing red blood cell (RBC) 

perfusion and impairing oxygen delivery to tissues and 

organs[2]. A second, slower biochemical and biological path 

involves a cascade of cellular and molecular responses, 

including the formation of white and red thrombi, 

inflammation, oxidative stress, cellular injury, tissue hypoxia, 

and organ dysfunction[3-5]. 

Gas embolism may arise through several mechanisms. 

Systemic gas embolism occurs when pressure changes affect 

the entire body, i.e., in diving[2], and high altitude activities[6]. 

Meso-scale gas embolism results from pressure variations 

localized to specific anatomical regions [7,8], such as those 

associated with blunt thoracic trauma[9,10], forceful 

cardiopulmonary resuscitation[11], pulmonary over-expansion 

injury[12], explosions[13], and even childbirth[14]. Finally, 

local gas embolism results from accidental or intentional 

introduction of gas into the vascular system, or from the in situ 

generation of bubbles within blood vessels[15]. 

While gas embolism is reported as a rare medical condition, 

particularly in iatrogenic circumstances[16], the symptomatic 

cases of gas embolism pose significant danger, with mortality 

rates[17] from 8-12%[18] to 46%[19], or severe neurological 

sequelae[20,21] in 9 to 35% of survivors[18]. These outcomes 

are partly caused by late diagnosis, which frequently occurs 

only after neurological symptoms become apparent. By this 

stage, however, critical organs may have sustained significant 

injury, as tissue damage can develop within minutes, 

particularly in the brain[22].  

Several factors complicate the rapid diagnosis and treatment 

of gas embolism. Initially, gas embolism is purely a physical 

phenomenon, with biochemical and cellular responses 

emerging later. Consequently, conventional laboratory tests 

offer little diagnostic value within the narrow therapeutic 

window required for effective intervention[23]. In principle, 

medical imaging, i.e., ultrasound and magnetic resonance 

imaging, can visualize gas emboli. However, their utility for 

early diagnosis is limited by the uncertain location of emboli in 

the body, the need for immediate access to imaging equipment, 

and the rapid progression of this medical condition[24]. These 

constraints hinder timely intervention before administration of 

the only established treatment, hyperbaric oxygen therapy. 

Bioengineering, Faculty of Engineering, McGill University, Montreal, Quebec, 

H3A 0E9, Canada. ** Authors who contributed equally. Correspondence e-

mail: dan.nicolau@mcgill.ca. 

Gas Embolism on a Chip: Mimicking 

Iatrogenicity at the Microscale 

K. Baassiri**, L. Maskova**, M.M. Mardanpour**, T. Allen, F. Gamper, A.F. Asomoza, 

A.S. Perumal, and D.V. Nicolau*, Member, IEEE 

V 

This article has been accepted for publication in IEEE Transactions on Biomedical Engineering. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TBME.2026.3729588

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



> Manuscript No. TBME-01166-2025 2 

These challenges, both fundamental and practical, 

contributed to a relative decline in research activity on gas 

embolism, as reflected by a marked reduction in the number of 

published reports compared with previous decades[25]. This 

decline is particularly concerning because virtually all medical 

and surgical specialties can potentially induce local gas 

embolism. Documented causes include laparoscopy, 

gastroscopy, angiography, hemodialysis, coronary artery 

bypass surgery, central venous catheterization[26], lung 

biopsy[27], and wound irrigation[15, 28]. The limited attention 

to this condition is further reflected in the wide variability of 

reported incidence rates[29], ranging from 0.005% for 

arterial[30], to 10-50% for venous gas embolism[31]. In 

laparoscopic surgery alone, the reported incidences reach 50% 

in pediatric appendectomy[23], 70% in cholecystectomy[32], 

and 100% in total hysterectomy[33].  

Given the broad spectrum of clinical contexts affected, gas 

embolism is rapidly emerging as a critical complication in 

emergency units[12-14]. In particular, the rising prevalence of 

invasive medical procedures involving pressurized gases, e.g., 

laparoscopy, gastroscopy, automated radiological, bubble-

containing injections for ultrasound imaging, will inevitably 

lead to a surge in iatrogenic cases of gas embolism. The risk 

increases in patients with compromised vascular integrity, 

including elderly and obese individuals, as well as patients with 

cardiovascular or pulmonary disorders such as atherosclerosis, 

vascular malformations, or previous surgical interventions[34].  

Because most iatrogenic gas emboli originate locally, 

reproducing these phenomena at microscale is particularly 

relevant. Furthermore, the difficulty of visualizing gas emboli 

in vivo highlights the value of controlled in vitro investigations. 

Finally, the physical nature of gas embolism during its earliest 

stages also underscores the use of abiotic systems that mimic 

the microvascular environment. Fortunately, microfluidic 

platforms are well suited for this purpose, offering precise 

control of microscale flow conditions and enabling real-time 

observation of relevant phenomena[35, 36]. Indeed, 

microfluidic technologies are progressively used to model 

diseases and medical conditions, e.g., organs-on-a-chip[23, 37-

40]. Notable examples include airway-on-a-chip[41] and 

alveolus-on-a-chip platforms[42, 43], as well as a recently 

developed advanced 3D construct[44] providing high-precision 

biomimetic alveolar structures.  

Several studies employed microfluidic approaches to 

investigate the evolution, dissolution, and biological effects of 

artificially generated gas bubbles. A series of experimental and 

computational studies[45-47] focused on the impact of bubble 

formation on blood flow at cellular level, i.e., the cell-free 

layers and concentrations of RBCs within bifurcating 

microvascular networks. Another study[48] explored the effect 

of direct mechanical interaction between gas bubbles and cells. 

Most recently, the influence of air-to-liquid ratios on flow 

behavior in Y-shaped and T-shaped microchannel junctions 

was analyzed across a range of vessel diameters and hematocrit-

equivalent concentrations[49]. However, these studies relied on 

externally injected gas, therefore omitting the actual origins of 

bubble formation. 

The present work investigated bubble formation resulting 

from the use of pressurized gases in medical procedures. This 

mechanism is likely one of the principal causes of iatrogenic 

gas embolism, notwithstanding direct introduction of gas into 

blood circulation, e.g., intentional for ultrasound imaging, and 

accidental, e.g. wrong catheterization. In particular, the study 

reproduces conditions relevant to gas insufflation in 

gastroscopy (using air) and laparoscopy (using carbon dioxide). 

II. MATERIALS AND METHODS 

A. Microfluidic Design and Experimental Setup 

Polydimethylsiloxane (PDMS) microfluidic devices 

comprised an artificial vascular channel (30 to 250 μm width) 

separated from a square pressure cavity (1 mm2) by a PDMS 

wall of controlled thickness (25, 50, and 75 μm). To mimic a 

vascular injury, a second series of devices incorporated a 

perforation (with calibrated widths of 16, 32 or 100 μm) 

connecting the pressure cavity to the vascular channel. The 

overall experimental system and device design are detailed in 

Fig. 1, while fabrication details are provided in Supplementary 

Information (SI.1).  

The experimental setup consisted of an inverted confocal 

microscope (Olympus IX83 fluorescence microscope, Olympus 

Corporation), gas and working fluid delivery systems, and 

PDMS microfluidic device (Fig. 1). Working fluids pumped 

through the artificial blood vessels included distilled water and 

artificial blood analogue. Distilled water served for preliminary 

system validation, while the blood analogue was employed for 

all detailed investigations. The blood analogue reproduced the 

physical properties of human blood with 46% hematocrit 

concentration (3.5 to 5.5 cP viscosity [48] and surface tension 

53 to 58 mN/m [49]). The artificial blood solution consisted of 

60% distilled water and 40% glycerol by volume, with xanthan 

gum added at 0.04 wt.% to achieve the desired shear 

viscosity[50]. Although PDMS channels enabled direct 

visualization of gas-liquid interfaces, a fluorescent tracer aided 

imaging and analysis when enhanced contrast was required. 

Fluorescein sodium salt (Fischer Scientific) was added to the 

working fluid at a concentration of 2 mL of a 2 wt.% stock 

solution per 100 mL of working fluid. 

 
Fig. 1. Experimental setup with zoom in on the setup of the microfluidic device 

and vasculature geometry 
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Detailed description of the fluid delivery systems and device 

storage is provided in SI.2 and SI.3, respectively. The 

calculations of applied pressures for each case and the statistical 

data for experiments are detailed in SI.4, Table SI.1-2, and 

Fig. SI.3. 

B. Image Processing 

All still images and videos were acquired at sub-millimeter 

resolution, and the imaging windows for dynamic runs were 

determined by a fixed number of frames per trial. Videos for air 

and nitrogen experiments featured a framerate of 50 fps with a 

20 ms exposure time, producing recordings of up to 142s. This 

acquisition rate provided sufficient temporal resolution to 

capture rapid bubble formation and rupture dynamics. In 

contrast, carbon dioxide exhibited substantially slower 

dynamics due to the higher solubility of carbon dioxide and 

longer timescale required for bubble nucleation and growth. 

Consequently, a 1 fps framerate with a 10 ms exposure time 

enabled extended observation periods while minimizing data 

volume. Subsequent data analysis was conducted using ImageJ, 

a Java-based image processing program[53], and a custom-

developed MATLAB script (SI.5). 

III. RESULTS AND DISCUSSION 

A. Physical Processes During Medical Procedures Using 

Insufflation 

In laparoscopy, the insufflation gas is almost fully confined 

in a closed volume, i.e., the pneumoperitoneum, thus exerting 

continuous pressure on peritoneum and exposed organs 

throughout the procedure. Carbon dioxide is widely used in 

laparoscopy because its high solubility in blood reduces both 

the likelihood and persistence of gas emboli compared with 

low-solubility gases such as nitrogen or air. In blood, carbon 

dioxide is transported in multiple forms. A large fraction is 

converted to bicarbonate, another smaller fraction binds to 

hemoglobin within red blood cells as carbamino compounds, 

and only a minor fraction remains physically dissolved in 

plasma. This multi-pathway transport, involving both plasma 

and red blood cells, provides blood with a substantially greater 

effective uptake capacity for carbon dioxide than for nitrogen, 

which relies solely on physical dissolution[54]. Consequently, 

carbon dioxide bubbles dissolve more rapidly and exhibit 

shorter persistence than nitrogen or air bubbles. However, 

despite this high uptake capacity, the absorption of carbon 

dioxide by blood is still expected to be considerably slower than 

the initial formation of gas emboli. A more detailed discussion 

of carbon dioxide transport is provided in Section SI.6. 

At the start of a laparoscopic procedure, carbon dioxide is 

introduced into the peritoneal cavity through a Veress needle at 

flow rates of 4000-6000 mL/min to establish intra-abdominal 

pressures of 10-20 mm Hg above atmospheric pressure[55-57]. 

The operative space is maintained by a continuous gas supply 

of 200 to 400 mL/min throughout the entire surgical procedure, 

typically lasting from 30 to 60 min[56]. Notably, these 

operating pressures correspond to only 1-2% increase above 

atmospheric pressure (in absolute units). Such a narrow 

pressure margin can be susceptible to fluctuations, particularly 

during the initial insufflation phase or following gas leakage 

caused by instrument manipulation, potentially leading to 

relative pressures higher than those in the blood vessels. 

Furthermore, residual postoperative gases only dissipate within 

3 days in approximately 81% of patients and within 7 days in 

96% of patients[58]. Withing this timeframe, the gas continues 

to exert pressure on internal tissues.  

Medical use of gastroscopy includes diagnosis of upper 

gastrointestinal disorders, including ulcers, inflammation, and 

tumors, as well as minimally invasive therapeutic interventions 

such as tissue biopsy and endoscopic ligation of bleeding 

esophageal vessels[59]. Like laparoscopy, the procedure relies 

on gas insufflation, most commonly using air, to create an 

adequate working volume. However, in contrast to laparoscopy, 

the insufflated air is not fully contained and can be partially 

released through eructation, thus reducing the degree of 

pressure confinement. Gastroscopy is generally less 

standardized than laparoscopy and relies more heavily on 

operator’s experience[60]. In addition, insufflation pressure is 

commonly regulated indirectly through manual adjustment of 

the air flow rate rather than direct pressure control. A typical 

gastroscopy procedure lasts approximately 10 mins, during 

which insufflation flow rate may reach 1.8 L/min[61], i.e., 

approximately six times higher than the maintenance flow rate 

in laparoscopy. Despite being rather common, and even 

performed at outpatient clinics, gastroscopy can lead to side 

effects ranging from abdominal pain or bloating to spontaneous 

rupture of the esophagus or gas embolism[62]. Because of the 

lack of standardization or ‘personalization’, the achieved gas 

pressures are rarely reported, and they are rather varied. For 

instance, a recent in vivo study reported esophageal and gastric 

relative pressures of 9 and 10 mm Hg, respectively, with 

transient spikes reaching up to 60 mm Hg (depending on the 

operating surgeon)[60]. In contrast, an in vitro investigation 

reported relative gas pressures ranging from 180 to 300 mm Hg, 

depending on the endoscope circuit setup[61]. While 

colonoscopy and sigmoidoscopy share similar framework, the 

procedures are even less standardized regarding applied 

pressures, and gas embolism appears to be more rare. 

In principle, there are several mechanisms for the entry of 

pressured gas into the circulatory system, schematically 

presented in Fig. 2, in relatively decreasing order of likelihood: 

A.1. Scenario 1. Direct injection of gas through 

microvascular injuries. Direct gas entry through perforated 

blood vessels is likely the most important mechanism 

underlying iatrogenic gas embolism, given the high probability 

 
Fig. 2. Schematic representation of iatrogenic gas embolism in laparoscopy or 

gastroscopy, occurring following Scenario 1: accidental, inevitable, or 
preexisting damage to blood vessels; Scenario 2: gas percolation; and Scenario 

3: ex-diffusion from tissue supersaturated with gas. The arrowheads represent 
gas flow direction. 
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of vascular injury during tissue manipulation in laparoscopy or 

gastroscopy. Once a perforated blood vessel gets into contact 

with the surrounding pressurized environment, two distinct 

situations may arise, depending on the balance of pressure 

between gas and blood. If the intravascular pressure exceeds the 

external gas pressure, blood exits the vessel and bleeding 

becomes apparent, typically prompting corrective measures 

such as cauterization. Conversely, if the blood pressure is lower 

than the applied gas pressure, overt bleeding will not occur. 

Under these conditions, a pressure gradient is established that 

favors gas entry into the circulation, potentially allowing gas 

emboli to form without immediate clinical detection. While the 

physical principles of gas injection due to negative pressure 

gradient are similar, there are some specificities related to 

laparoscopy and gastroscopy. 

(i). During laparoscopy-assisted surgery, the initially 

exposed surfaces of abdominal organs contain relatively large 

blood vessels with thicker walls and higher intravascular 

pressures, making them less susceptible to gas intrusion. 

However, the operative phase often requires incision and 

manipulation of internal tissues, exposing progressively smaller 

vessels characterized by thinner walls and lower blood 

pressures. These vessels are more prone to perforation or 

complete transection and, thereby, gas intrusion. Clinical 

observations support this mechanism. For example, a recent 

study of laparoscopic appendectomy reported that all cases of 

gas embolism occurred during the operative phase of the 

procedure, accounting for approximately half of all patients 

studied[23]. In addition, vascular injury to the surface-facing 

blood vessels may result from routine instrument 

manipulation[38, 63], including insertion of the Veress needle, 

which benefits from minimal visual guidance[64]. Importantly, 

blood pressures within the smaller blood vessels are 

substantially lower than the insufflation pressures commonly 

employed during laparoscopy. Pressures in small venules may 

be approximately 10 mm Hg[65], and can go as low as 

3 mm Hg in the smallest vessels[66]. These blood pressures are 

considerably below the surrounding relative gas pressure used 

in laparoscopy, i.e., 10-20 mm Hg. Consequently, a pressure 

gradient favorable to gas entry may readily develop whenever 

vessel integrity is compromised. Furthermore, if gas escapes 

from the pneumoperitoneum into injured vessels, the 

insufflation system may interpret the resulting pressure drop as 

leakage and compensate by increasing gas delivery, potentially 

reinforcing the driving force for continued gas entry. 

(ii). Gastroscopy is primarily a diagnostic procedure, 

although therapeutic interventions such as biopsy or ligation 

may also occur. Under normal conditions, the blood vessels 

exposed along the esophageal and gastric mucosa possess 

relatively robust walls and higher intravascular pressures than 

those found within the exposed organs. However, the 

gastrointestinal lining frequently contains pathological vessels, 

including sclerotic, fragile, or actively bleeding ones, which are 

prone to further damage during the procedure. The risk of gas 

entry via the injured vessels is amplified by the potentially high 

insufflation pressures achieved during gastroscopy. Recent 

in vivo measurements reported transient pressure peaks of up to 

60 mm Hg[60], exceeding the pressures found in venules and 

many small veins. Even higher values, ranging from 180 to 

300 mm Hg depending on endoscope configuration, were 

reported under in vitro conditions[61]. These pressures exceed 

those present in blood vessels substantially larger than 

arterioles (Fig. 3), creating a strong driving force for gas 

injection through vascular defects. Finally, the use of air further 

increases the risk of clinically significant gas embolism. 

Compared with carbon dioxide, air exhibits 20-25 times lower 

solubility in blood[67], leading to slower dissolution of emboli. 

Consequently, even small volumes of entrapped air may pose a 

greater risk than comparable volumes of carbon dioxide. 

A.2. Scenario 2. Percolation of gas through physically intact 

walls of blood vessels. In principle, gas emboli may form even 

in the absence of overt vascular injury. When blood vessels are 

exposed to sufficiently high external gas pressures, gas 

transport across the vessel wall may exceed the rate at which 

the dissolved gas can be removed by the bloodstream. Under 

such conditions, gas may penetrate the vessel wall and enter the 

circulation in the gaseous phase through percolation. The 

likelihood of this mechanism increases for thinner vascular 

barriers and higher external gas pressures. Importantly, this 

scenario happens below the threshold of mechanical failure of 

the vessel wall. Once rupture occurs, direct gas entry through 

vascular defects (Scenario 1) dominates. 

A.3. Scenario 3. Ex-diffusion of gas from the supersaturated 

surrounding tissues. A third potential mechanism involves the 

delayed release of gas from tissues supersaturated by prolonged 

exposure. Because gas clearance from tissues is generally 

slower than that from circulating blood, a transient state may 

arise in which the bloodstream has already returned to 

equilibrium while the surrounding tissues remain 

supersaturated. The resulting concentration gradient can then 

drive gas diffusion from the tissues into the bloodstream, 

potentially leading to bubble nucleation long after the initial 

emboli were removed from blood. This situation becomes 

relevant during prolonged exposures, e.g., extended diving 

activities, or during hyperbaric oxygen therapy (HBOT). 

B.  Mimicking Embolism Conditions in Medical 

Environments Using Pressurized Gas 

Investigating the early, physics-dominated stages of 

iatrogenic gas embolism required an in vitro platform capable 

of reproducing key features of the microvascular environment 

exposed to insufflation gases. The designed vascular-system-

 
Fig. 3. Schematic representation of pressure ranges relevant to this study: 

blood pressure in arterioles, venules, VSOC, gas pressure studied in VSOC, 

and reported air and carbon dioxide pressures in gastroscopy and laparoscopy, 
including reported spikes and increases due to instrument manipulation. 
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on-a-chip (VSOC) emulated relevant physiological 

characteristics such as tissue mechanical properties, blood 

rheology, vascular dimensions, and pressure conditions. 

B.1. Materials. The material selected to mimic the vascular 

environment must reproduce the mechanical and transport 

properties of biological tissues, particularly their elastic 

response (Young’s modulus) and gas diffusivity. PDMS was 

the preferred candidate because its properties fall within ranges 

relevant to soft biological tissues[68, 69] (Table 1). 

Furthermore, these properties can be adjusted by pre-polymer 

composition, curing protocols, presence of additives[70], and 

plasma treatment[71], enabling controlled approximation of 

specific physiological conditions. Finally, PDMS is optically 

transparent, facilitating direct visualization of gas-liquid 

interface, and remains one of the most widely used materials in 

microfluidics owing to its well-established and reproducible 

manufacturing protocols[52]. 

B.2. Fluids. Precisely formulated artificial blood can closely 

replicate the rheological properties of human blood within the 

normal range of hematocrit concentrations[72]. Hereby, the 

flow dynamics within the microchannels is expected to 

accurately simulate blood flowing through vessels, as indicated 

by the Reynolds number and wall shear stress (Table 1).  

B.3. Geometry of Microvasculature. The dimensions of 

artificial blood vessels represented the size range of small blood 

vessels (Table 1). The liquid pressures measured in our setup 

varied slightly with channel size/liquid flow rate, yielding 

values of 19 ± 7 mm Hg (30-80 µm channels) and 31 ± 

9 mm Hg (250 µm channel). These pressures fall within the 

range reported for arterioles and venules (below 

40 mm Hg)[73], indicating that the system reproduced 

physiologically relevant pressure conditions. To investigate gas 

entry through damaged vessels (Scenario 1), selected devices 

incorporated a 50 µm-long wall perforation connecting the 

pressure cavity and the vascular channel. Perforation widths of 

16, 32, and 100 µm represented varying degrees of vascular 

injury. The adjacent 1 mm² square-shaped pressure cavity 

enabled controlled application of external gas pressure, 

reproducing the localized pressure gradients encountered 

during insufflation procedures. In this configuration, the device 

allowed direct investigation of gas entry through vascular 

defects. The same platform, using channels without 

perforations, was employed to investigate gas transport across 

intact vessel walls (Scenario 2). This geometry mimicked the 

role of the tip of the Veress needle during laparoscopic 

procedures, and the localized pressure applied at the end of the 

endoscope in gastroscopy. The same system was used for 

Scenario 3, i.e., ex-diffusion from oversaturated artificial tissue. 

B.4. Operation of microfluidic system. Experimental 

conditions closely reproduced the physiological and procedural 

environments associated with laparoscopy and gastroscopy. 

Flow rates of artificial blood matched those reported for blood 

vessels of comparable dimensions (Table 1). The applied gas 

pressures encompassed the operating ranges of the 

corresponding medical procedures, including transient pressure 

elevations that may arise during insufflation, gas leakage, or 

surgical instrument manipulation[74] (Fig. 3). Where 

necessary, the pressure range was extended beyond typical 

clinical values to facilitate observation of bubble formation. 

C.  Scenario 1: Bubble Generation in Microvasculature 

with Calibrated Perforations 

Incorporating calibrated perforations in the vascular channel 

aimed to mimic direct gas entry into circulation through 

damaged blood vessels, as may occur as a consequence of 

surgical incision or pre-existing vascular pathology (Fig. 2). In 

this instance, gas embolism occurred when the external gas 

pressure exceeded the pressure of the flowing liquid enough to 

allow gas to penetrate the artificial vessel through the 

perforation. Because the liquid pressure varied only slightly 

among the tested configurations, applied gas pressure and 

system geometry had the main influence on bubble formation 

and subsequent flow behavior. 

C1. Mimicking air embolism. For air gas embolism (pressure 

4.54-42.74 mm Hg) in blood vessels with a wall thickness of 50 

µm (nominal value for all subsequent experiments) the 

observed phenomena included: 

(i) Small perforations (16 and 32 µm) and small blood 

vessels (30 and 50 µm) (A1, A2, B1, and B2 in Fig. 4) presented 

a sizable minority of larger gas bubbles at low pressure. 

(ii). Conversely, vessels with larger perforations, i.e., 100 µm 

(column C in Fig. 4), displayed a more uniform distribution of 

bubble volumes across the investigated pressure range.  

(iii). Large air bubbles formed, sporadically, below 15 mm 

Hg (Fig. 4; especially in A4 - 250 µm channel/16 µm 

perforation, and in C2 - 50 µm channel/100 µm perforation). 

The genesis of large bubbles at low pressures can be explained 

by the buildup of pressure within the system, resulting in 

chaotic bubble formation and broad distribution of bubble sizes. 

To evaluate the physiological significance of generated 

emboli, further analysis focused on translating bubble volume 

into corresponding length of Taylor bubbles in blood vessels of 

various widths. Taylor bubbles are elongated, sausage-shaped 

gas structures that occupy most of the cross-section of a 

confined channel and therefore provide a useful approximation 

of emboli dimensions in microvessels. The geometry of human 

(and mammalian) microvasculature system follows Murray's 

law[75, 76], which relates the diameters of parent and daughter 

vessels. A comprehensive review [77] reported that the average 

ratio of the distance separating two bifurcations and the 

diameter of the respective blood vessel is approximately 10.37.  

The lengths allowed the comparison with the characteristic 

distance between consecutive vascular bifurcations (Fig. 5). 

(i). In small vessels numerous emboli reached or exceeded 

the characteristic inter-bifurcation distance (50 µm and more 

prominently 30 µm), especially for small perforations. 

TABLE I 

MICROVASCULATURE MIMICRY USING PDMS MICROFLUIDICS  

Vasculature → 

Parameter↓ Arterioles Venules VSOC 

Channel width (µm)[2,93] 10-300 10-100 30-250 

Wall thickness (µm)[94] 20 2 25-75 

Flow rate (µL/h)[95] 3.61-1060 3.63-159 20-770 

Young’s modulus 

(MPa)[96,97] 
0.05-1.00 0.01-0.20 0.05-5 

Diffusivity (·10-5 cm2/s) [98-

103] 
1-2.35 1-2.35 1.4-3.7 

Blood pressure 

(mmHg)[104,105] 
30-40 10-15 19-31 

Re ≤1 ≤1 0.04-0.4 

Wall shear stress 1.0-7.0 1.0-7.0 3.0-15.0 
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Fig. 4 Distribution of the volumes of air bubbles versus applied air pressures (similar to those used in gastroscopy) on channels with perforated walls, for 

perforations with 16 µm widths (A column), 32 µm widths (B column), and 100 µm widths (C column), into artificial blood vessels with widths of 30 µm (first 

row), 50 µm (second row), 80 µm (third row), and 250 µm (forth row). Note the sizable minority of large bubbles (red circles) for small perforations and small 
blood vessels (A1, A2, B1, B2, and C2). Conversely, for large perforations and large blood vessels the distribution of the sizes of bubbles follows an expected 

progression of larger sizes for larger pressures, reaching a near linear relationship for the largest perforation (100 µm) and largest blood vessel (250 µm) in C4. 
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(ii). Conversely, in larger vessels (80 µm and 250 µm, with 

an inter-bifurcation distance of 2.6 mm, not presented in Fig. 5) 

the ends of the Taylor air bubbles remained below the distance 

separating two consecutive bifurcations.  

C2. Mimicking carbon dioxide gas embolism. In contrast with 

air, carbon dioxide did not produce discrete individual bubbles. 

Instead, distinct gas-liquid flow patterns emerged (or near-

infinite Taylor bubbles), once the pressure of carbon dioxide 

exceeded a geometry-specific threshold (Fig. 6). These patterns 

included (i) parallel gas and liquid flow (Movie SI.1), (ii) 

alternating gas and liquid flow (Movie SI.2), and (iii) channel  

Blockage by gas (Movie SI.3). 

 
 

Fig. 5 Distribution of the lengths of air bubbles versus applied air pressures (similar to those used in gastroscopy) on channels with perforated walls, for perforations 

with 16 µm widths (A column), 32 µm widths (B column), and 100 µm widths (C column), into artificial blood vessels with widths of 30 µm (first row), 50 µm 

(second row), and 80 µm (third row). Note the decreasing presence of bubbles longer than the distance between the bifurcations (indicated by red arrows, 311 µm, 
519 µm, and 830 µm, for vessels widths of 30 µm, 50 µm, and 80 µm, respectively) from small vessels and small perforations (mostly evident in A1, B1, and A2) to 

absence in large vessels and large perforations (mostly evident in A3, B3, and C3). 
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The geometry of the microvasculature, namely the channel 

width to perforation size ratio, was the key factor governing the 

observed flow regimes. Ratios higher than 2.5 (denoted pink in 

Fig. 6) resulted in parallel flow, while low ratios (below 0.5; 

orange) led to channel blockage. Intermediate geometries 

produced alternating gas and liquid flow. In these cases, 

continuous gas intrusion events typically lasted between 3 and 

40s. However, sporadic gas bursts of up to 1650s highlighted 

the unpredictable nature of carbon dioxide embolism events.  

The threshold pressure required for carbon dioxide entry into 

the vascular channel ranged from 23 ± 4 to 58 ± 6 mm Hg 

(Fig. 6). No statistically significant differences existed among 

channel width-perforation size combinations. The only 

exception involved the smallest perforations (16 µm), where 

50-250 µm wide channels required significantly higher 

pressures to initiate gas entry – up to 1.8 times larger than those 

measured for equivalent channels with larger perforations. 

The carbon dioxide-specific alternating liquid and gas flow 

led to the gas filling the space between two bifurcations sites 

within three seconds, irrespective of the geometric 

configuration. 

D.  Scenario 2. Percolation of Gas through Physically Intact 

Walls of Blood Vessels 

D1. Air percolation through intact walls. Vessel thickness of 

75 µm did not lead to any apparent air transfer into the liquid 

phase, irrespective of the applied pressure. At the opposite 

extreme, channels with 25 µm-thick walls consistently 

experienced mechanical failure at low pressures in repeated 

trials, resulting in wall rupture, and subsequent direct gas 

injection into the vascular channel. However, while the 

intermediate 50 µm-thick walls remained physically intact, they 

allowed the percolation of air in the form of bubbles (also 

observed elsewhere [78]). 

For all channel widths investigated, increasing air pressure 

resulted in a corresponding increase in the average bubble 

volume. The increase followed an approximately logarithmic 

relationship with the applied pressures, with the largest bubbles 

appearing in the 250 µm-wide channels, primarily due to bubble 

coalescence (Fig. SI.1).  

A more detailed analysis of the volumes of individual 

bubbles, modulated by the applied pressure, revealed several 

characteristic trends (Fig. 7): 

(i). Regardless of the channel width, the largest proportion of 

bubbles have small volumes. 

 
Fig. 6 Channel width to perforation size ratios, corresponding threshold 
pressures of carbon dioxide, and their translation into flow patterns of carbon 

dioxide: (A) parallel flow, (B) alternating gas-liquid flow, (C) channel 

blockage. The arrowhead represents flow direction. 

 
Fig. 7 Distribution of volumes of air bubbles versus applied pressures (similar 

to those in gastroscopy) in channels without perforated walls, for widths of the 
artificial blood vessels of 30 µm (A), 50 µm (B), 80 µm (C), and 250 µm (D). 

Circles indicate a sizable minority of larger bubbles at lower pressures. 
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(ii). Similarly to their perforated counterparts, 30-80 µm-

wide channels exhibited a sizable minority of relatively large 

bubbles, especially at lower pressures (circles in A-C in Fig. 7). 

(iii). The pressure threshold at which bubbles begin to appear 

through percolation increases from small to large widths of the 

blood vessels (A to D in Fig. 7). 

Importantly, the frequency of the genesis of air bubbles via 

percolation through intact blood vessels walls is approximately 

two orders of magnitude lower than that via transfer through 

calibrated perforations (number of observations in Fig. 4, and 

Fig. 7, respectively). In addition, the volume of the bubbles via 

percolation are substantially smaller than those obtained via 

transfer through calibrated perforations. 

D2. Carbon dioxide percolation through intact walls. 

Mechanical stability of the channel wall is governed primarily 

by its structural, rather than gas-specific properties. Therefore, 

the carbon dioxide experiments focused exclusively on devices 

with 50 µm-thick walls, where gas embolism events were 

observed when using air. Unlike air, carbon dioxide did not 

produce detectable gas transfer into the vascular channel. No 

bubble formation, continuous gas injection or other embolism-

like events were observed for applied pressures of up to 150 

mm Hg, independent of channel width. 

D3. Comparison of the rates of generation of air bubbles. An 

analysis of the generation rates of air bubbles through calibrated 

perforations (Scenario 1) and through intact thin walls 

(Scenario 2), separate from the previous analysis of individual 

volumes (Fig 4 and 7), provides additional insights into the 

likelihood of gas embolism at the microscale. Similarly with the 

size of individual bubbles, the rate of creation of air bubbles 

through percolation (Fig 8A) is approximately two orders of 

magnitude lower than the rates observed for the transfer though 

calibrated perforations (Fig. 8B, 8C, and 8D). In addition, 

notwithstanding the large differences in total volumes, the rate 

of air injected via percolation through an intact wall and for 

small perforations (16 µm and 32 µm) is increasing for larger 

widths of the blood vessels and applied pressure (Fig 8A, 8B, 

and 8C, respectively). In contrast, for large perforations (100 

µm, Fig 8D) the rate of air injections is rather independent on 

both vessel size and applied pressure. Interestingly, for 

Scenario 1, the certainty of the correlation rate of injection and 

pressure decreases near-linearly with the increase of the ratio 

between the perforation size and width of the vessel (Table SI.2 

and Fig. SI.3). This observation underlines the more chaotic 

character of the genesis of emboli for large perforations. 

D4. Different patterns of air and carbon dioxide gas embolism 

at microscale. One important observation of the present study 

consists in the distinct patterns of air, and carbon dioxide gas 

embolism, i.e., rapid onset and large population of bubbles with 

various volumes depending on applied pressure and 

microvasculature geometry for air embolism; and delayed onset 

and very large or continuous Taylor bubbles for carbon dioxide 

embolism. The delayed production of bubbles when carbon 

dioxide is used can be explained by its high solubility compared 

with that of air, leading to the liquid phase acting as a ‘sink’, 

absorbing the carbon dioxide until an equilibrium concentration 

is reached in bulk, or until this concentration is reached at the 

surface of the liquid delaying further diffusion inside. When 

this threshold is reached the surface tension of the liquid will 

change. The low solubility of air translates into low 

concentration in blood, and consequently negligible changes in 

the surface tension of blood, and consequently its unchanged 

surface tension. In contrast, the high (and likely rapid) uptake 

of carbon dioxide will change liquid properties, especially at the 

interface with gas. While pure water has a surface tension of 71 

mN/m, carbon dioxide-saturated water presents a surface 

tension of 65 mN/m at atmospheric pressure (lower at higher 

pressures)[79]. Admittedly, the surface pressure of blood is 

considerably lower, at approximately 56 mN/m [80, 81] which 

would be further lowered by the uptake of carbon dioxide to 

approximately 51 mN/m (assuming a linear decrease similar to 

that of water). A lower surface tension of carbon dioxide-

saturated fluid will lead to larger bubbles. Indeed, it was 

demonstrated [82] that the decrease of surface tension the liquid 

 
Fig. 8. Rate (µm3/s/blood vessel) of production of air bubbles through 
percolation (A) and injection through calibrated perforations of 16 µm, 32 µm, 

and 100 µm (B, C, D) versus channel width and applied pressure. 
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leads to a linear increase of the volume of gas bubbles from 6 

to 15%. Consequently, these larger bubbles confined in narrow 

confining blood vessels will result in long Taylor bubbles. 

Finally, while the artificial blood is salt-free, salts are present in 

real blood, further reducing surface tension[80].  

The characteristics of the carbon dioxide gas embolism, i.e., 

Taylor bubbles longer than the field of the optical field of view, 

or ‘infinite’ bubbles (gas flowing in parallel with the fluid) 

suggest that these bubbles are longer than any distance between 

bifurcation of the blood vessels studied. Also, these 

characteristics made impossible an analysis similar to that 

performed for air embolism at the microscale.  

E.  Scenario 3. Ex-diffusion from Supersaturated Tissues 

E1. Degassing artificial tissues. PDMS chips were stored for 

several hours in ambient conditions prior experiments, reaching 

equilibrium concentration of gas at atmospheric pressure. When 

higher pressures, similar to those used in laparoscopy and 

gastroscopy, were applied in the adjacent pressure chamber, 

bubbles rapidly formed in the blood vessels even through non-

perforated channels (Fig. 9A, upper row, Movies SI.4-5), as 

described above. In contrast, no bubbles emerged in channels if 

the chips were previously subjected to vacuum degassing (Fig. 

9A, middle and bottom row, Movies SI.6-8).  

The absence of bubbles when surrounding material is depleted 

of dissolved gases, even if the artificial microvasculature is 

subsequently exposed to higher air pressures, can be explained 

by gas-depleted PDMS acting as a ‘sink’ for the gas, until an 

equilibrium is reached, after which thin membrane-mediated 

transfer in gas-saturated blood. This experiment is a control to 

demonstrate the role of the level of the concentration in the 

surrounding tissue prior, during, and after gas embolism events. 

E2. Saturation of artificial tissues with nitrogen. Conversely, 

when the surrounding artificial tissue was super-saturated with 

nitrogen at high pressure, bubbles appeared immediately in the 

liquid phase upon exposure to normal pressure (Fig. 9B, 

Movies SI.9–14). Notably, bubble formation persisted for up to 

1.5 h after operation at atmospheric pressure (Movies SI.15–

16). While nitrogen served as a conservative model gas due to 

its lower solubility limiting overall gas uptake, these findings 

indicate that the artificial tissue can act, in principle, as a 

transient gas reservoir, delaying the dissolution of air bubbles 

after the initial pressurization phase ended, consistent with a 

delayed release mechanism (Scenario 3).  

E3. Tissue saturation with carbon dioxide. Subjecting the 

artificial tissue to carbon dioxide at 1500 mm Hg was sufficient 

to induce subsequent bubble formation within the vascular 

channels (Movies SI.17–19, Fig 9, Fig SI.2). While carbon 

dioxide saturation experiments do not have medical relevance, 

they demonstrate the role of surround tissues in acting as 

‘reservoirs’ for gas ‘leaking’ in the blood stream. 

E4. Mechanism of ex-diffusion from gas-saturated tissues. 

These results are likely to reflect a balance between two 

competing processes: removal of dissolved carbon dioxide by 

convective liquid flow and replenishment of gas from 

surrounding saturated material. Importantly, in addition to 

tissue-level storage effects, the PDMS-based experiments 

demonstrate a distinct transport pathway in which gas can 

traverse an intact barrier separating a pressurized gas 

environment from a perfused microchannel. The absence of 

bubble formation following PDMS degassing indicates that the 

gas reaching the channel originates from gas stored within and 

transported through the PDMS matrix under an applied pressure 

gradient. This behavior is consistent with gas transport across 

physically intact vascular walls as described in Scenario 2. The 

present experiments do not allow direct determination of 

whether gas reaches the microchannel in the gaseous phase or 

whether it first dissolves into the liquid phase and subsequently 

nucleates due to local pressure variations. Such pressure 

gradients along the microchannel may reduce gas solubility and 

promote bubble formation from a saturated or supersaturated 

solution. Therefore, while nucleation may contribute to the final 

appearance of bubbles, the results support the existence of a 

trans-barrier gas transport rather than a specific phase transition 

pathway during transport. The intermediate channel width 

appears to provide the most effective washout of dissolved gas 

while maintaining a relatively limited gas-exchange surface 

area, further highlighting the interplay between convective 

removal and barrier-mediated gas transport. 

F. Medical Significance 

The near physical-only nature of gas embolism during its 

earliest stages justified the investigation using abiotic 

microfluidic systems mimicking key aspects of in vivo systems, 

i.e., dimensions of blood vessels, pressure conditions, fluid 

rheology, and mechanical properties of tissue. Consequently, 

and notwithstanding the relatively low reported incidence of 

gas embolism in endoscopic procedures (0.57 per 100,000 

endoscopic procedures) [83], the extrapolation of the 

experimental results presented here suggest possible insights or 

areas of future studies with practical medical relevance. 

F1. Time of gas injection to reach dangerous levels in human 

body. The reported lethal dose of intravascular air is 

approximately 3-5 mL/kg[84], corresponding to an estimated 

lethal volume of 240 mL for a 60 kg patient, when adopting a 

mean value of 4 mL/kg. Reaching this lethal volume would take 

8-12 s at the insufflation rates used during gastroscopy, 

assuming perfectly efficient injection of gas into the circulation. 

The situation is more complex for carbon dioxide because of its 

approximately 20 times greater solubility in blood[85]. In this 

 
Fig. 9 Comparison of bubble generation in microfluidic devices presented to 

various storage conditions. A. Absence of bubbles in devices that were 

degassed for 24 and 48 hours, even if air pressure at 15.5 mmHg was applied 
in the pressure cavity. B. Presence of bubbles in devices first degasified for 48 

hours, followed by an immersion in nitrogen for 48 hours at various pressures. 

C. Appearance of bubbles in channels with 30 μm and 80 μm widths, 1.5 hours 
after the previous immersion in nitrogen, followed by a return to atmospheric 

conditions. The arrowhead indicates the flow direction. Note that while the 

pressures used for the saturation of the artificial tissue with gas are 
considerably higher than those in laparoscopy and gastroscopy, they are within 

the ranges of the maximum pressure of many naval hyperbaric protocols. 
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context, an experimental study in pigs reported mortality rates 

of 60% following arterial carbon dioxide injection at 

1.2 mL/kg/min[86]. To put things in context, for a 60 kg 

patient, this lethal flow rate corresponds to a gas delivery rate 

approximately four times lower than the mean maintenance 

flow rate used during laparoscopy. Even accounting for lower 

real gas transfer efficiency, these estimates still illustrate that 

clinically significant embolism could develop rapidly, allowing 

only limited time for medical detection and intervention. 

Consequently, the implementation of continuous measurement 

and automatic regulation of gas pressure and flow rate used in 

endoscopic procedures, also associated with warning signaling 

and emergency intervention, appear warranted. 

F2. Gas embolism initiated through calibrated perforations 

(Scenario 1). The experimental results suggest that: 

(i). In general, the balance between vascular and external gas 

pressure determines if vascular injury results in bleeding or in 

gas intake in blood vessels. Whenever external gas pressure 

sufficiently exceeds blood pressure, gas intake becomes 

favorable. This condition is particularly relevant in venules, 

where pressures typically range between 8-12 mm Hg[87] and 

may approach 0 mm Hg in the smallest vessels[88, 89]. 

(ii). Air embolism-like events developed over a pressure 

range that largely overlaps with reported gas pressures used 

gastroscopy (approximately 5-60 mm Hg; Fig. 4). Importantly, 

a significant fraction of gas embolism events occurs below the 

officially reported maximum level of 20 mm Hg, indicating that 

gas entry may occur under routine operating conditions, with 

accidental over-pressurization not necessary (Fig. 3). 

(iii). Air embolism bellow 20 mm Hg is particularly 

concerning in vessels representative of arterioles and venules 

within the esophageal lining (30-80 µm-wide)[90] with small 

perforations (16 µm). While the rate of gas injection is small, it 

could proceed unnoticed given the small scale of the vessels and 

perforations, thereby enabling gradual accumulation or 

aggregation of emboli within blood circulation. Such silent 

progression would pose significant risks as it delays 

intervention until already critical clinical symptoms occur.  

(iv). Larger blood vessels (250 µm-wide) affected by pre-

existing pathology may exhibit elevated intravascular 

pressures. This situation is particularly relevant in patients with 

a liver disease or scarring who undergo therapeutic gastroscopy 

for the treatment of sclerotic or actively bleeding esophageal 

varices. Although intravascular pressures in these vessels may 

exceed normal physiological values, they remain within the 

range of pressures reported in gastroscopy. Consequently, the 

pressure gradient may still favor air entry into the circulation. 

Owing to their larger cross-sectional area, these vessels can also 

permit substantially higher rates of gas injection. Importantly, 

gas entry into the vessel may reduce or temporarily stop visible 

bleeding – the intended outcome of the therapeutic intervention 

– thereby masking the onset of air embolism. This mechanism 

could be responsible for another path of ‘silent’ air embolism, 

in which large volumes of air can enter the blood circulation 

without overt clinical signs.  

(v). An important observation specific to air embolism is the 

formation of a sizable minority of larger bubbles at low 

pressures, translating in an increased risk of complete vascular 

blockage, in contrast with many, but small bubbles at larger 

pressures. These findings challenge the common assumption 

that larger bubbles are exclusively associated with higher 

insufflation pressures. Indeed, although lower insufflation 

pressures are generally recommended in clinical practice, with 

10 mm Hg often regarded as a ‘safe’ operating pressure [91], 

the present results suggest that low-pressure insufflation does 

not necessarily eliminate the risk of generating large emboli. 

(vi) Carbon dioxide embolism required higher threshold 

pressures, i.e., 32.5-57.5 mm Hg, depending on the 

combination of blood vessel width/wall perforation. Although 

these values exceed standard laparoscopic operating pressures 

(10-20 mm Hg), they represent only a modest increase of up to 

8% in absolute pressures, which can result from pressure 

fluctuations, equipment malfunction, or procedural events (Fig. 

3). For example, trocar insertion was reported to transiently 

increase intra-abdominal pressure by 18-23 mm Hg[74].  

(vii). An additional concern associated with carbon dioxide 

embolism arises from its distinct gas-liquid flow patterns. In 

contrast to the discrete bubbles, characteristic to air embolism, 

the alternating gas-liquid flow, and to a lesser extent the parallel 

flow, are considerably more hazardous events, which could lead 

to much greater volumes of injected carbon dioxide. 

Consequently, while carbon dioxide-related embolism events 

occur, in abiotic mimicking systems at higher pressures, once 

triggered, they lead to more extensive gas exposure and 

potentially more severe physiological consequences. This 

increased severity is reflected in the prolonged interruption of 

liquid flow, with gas occupying the vessel for 13-95% of the 

observation period, as well as in the rapid propagation of gas 

through the microvascular network. In all cases of alternating 

gas-liquid flow, carbon dioxide traversed the equivalent 

distance between two consecutive bifurcations in less than 3s.  

F3. Gas embolism through thin vessel wall (Scenario 2). 

(i). Blood vessels with wall thickness below 25 µm, 

representative of small venules and arterioles, are susceptible to 

localized micrometer-scale ruptures when directly exposed to 

pressurized gas. The ruptures occur independently of the 

insufflation gas, i.e., air or carbon dioxide, because their main 

cause is mechanical failure. Therefore, and depending on the 

pressure balance, the relevance of pressure induced wall 

breakage is relevant, in principle, to both laparoscopy and 

gastroscopy. In contrast, undamaged blood vessels with walls 

thicker than 75 µm appear to be resilient against microscopic 

gas embolism events. 

(ii). Blood vessels with intermediate wall thickness (50 µm) 

exhibit gas-dependent behavior of mass transfer. When exposed 

to pressurized air, intravascular bubbles are rapidly developed 

despite the absence of visible wall damage. In contrast, 

exposure to carbon dioxide at comparable or higher pressures 

(up to 100 mm Hg) does not induce detectable gas embolism 

events. These findings are consistent with the adverse outcomes 

reported for air-based gastroscopy, including symptomatic gas 

embolism with severe neurological complications[62]. 

Collectively, the results support further investigation into the 

use of carbon dioxide as an alternative insufflation gas during 

gastroscopy aiming to reduce the risk of embolism. 

(iii). The patterns of air embolism in non-perforated 

vasculature are similar to those in injured vessels. First, air 

bubbles form at low pressures, used in gastroscopy, in 30-80 

µm-wide blood vessels. Second, a small but distinct population 

of large bubbles emerged at low pressure (Fig. 7) [81].  
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F4. Lengths of gas emboli in blood vessels with various widths. 

(i). Behavior of an air emboli situated at microvascular 

bifurcations may contribute to a second tier of gas embolism 

events. Upon reaching a bifurcation, a bubble may lodge, 

obstruct blood flow and reduce the convective transport that 

promotes gas dissolution. Alternatively, the bubble can 

fragment and propagate into downstream branches, distributing 

the embolic burden throughout the microvascular network and 

initiating additional sites of vascular obstruction[81].  

(ii). When using carbon dioxide, the alternating gas-liquid 

flow regime inherently results in gas occupying the entire 

distance between consecutive bifurcations once the pressure 

threshold for embolism is met. Furthermore, if the gas front 

propagates into both daughter vessels, bifurcation-induced 

splitting may not immediately accelerate gas dissolution 

because the resulting gas segments remain substantially larger 

than the discrete air bubbles observed under comparable 

conditions. Consequently, despite the higher solubility of 

carbon dioxide, extensive gas occupation of the microvascular 

network may still lead to significant and sustained flow 

disruption at the microscale. 

From a medical perspective, it must be noted that, although 

the physical mechanism of percolation was demonstrated here, 

the bubbles generated are unlikely to pose a critical risk for gas 

embolism, due to their orders of magnitude lower frequency, 

considerably reduced volume compared with bubbles generated 

via transfer through perforations in the blood vessel walls, and 

the limitations imposed by the very thin wall of the blood 

vessels, i.e., around 50 µm. 

F5. Impact of gases dissolved in tissues (Scenario 3). 

(i). Following saturation of the artificial tissue with nitrogen, 

a gas characterized by low solubility in PDMS, bubbles formed 

immediately in freshly introduced, non-saturated artificial 

blood upon return to atmospheric pressure. Notably, bubble 

generation persisted for up to 1.5 h during storage under 

ambient conditions. The saturation experiments were run at 

considerably higher pressures than those used in laparoscopy 

and endoscopy, thus limiting their relevance for these medical 

procedures. However, the pressures used in gas saturation 

experiments, i.e., relative pressure of 1500-2600 mm Hg (3 to 

4.4 atm absolute pressure), are similar to the maximum 

pressures used in several U.S. Navy Treatment Tables, e.g., 1.8 

atm for USN TT4 to 5 atm for USN TT6 [92], during which the 

patients are exposed to air or an alternation of air and oxygen 

for 75 min to 2 hrs. These observations demonstrate the ability 

of the tissues to act as gas reservoirs, sustaining bubble 

formation in previously unsaturated blood long after the initial 

gas embolism event ended or following apparent clearance of 

intravascular bubbles. This delayed release mechanism has 

important clinical implications. Specifically, this mechanism 

suggests that residual gas stored in tissues may continue to pose 

an embolic risk even after conventional indicators suggest 

resolution of the acute event. Consequently, extending the 

duration of hyperbaric oxygen therapy (HBOT) beyond the 

apparent disappearance of circulating bubbles appears as 

warranted. A reported case of gastroscopy-related air embolism 

supports this interpretation as the patient's condition improved 

progressively over three HBOT sessions administered over a 

total period of 48 h[62]. 

(ii). Tissue saturation experiments with carbon dioxide 

mimicked the situation in laparoscopic surgery, i.e., (i) tissue 

initially equilibrated with ambient air, (ii) then subjected to 

pressurized carbon dioxide for 30 min, (iii) washed with fresh 

artificial blood in the absence of external gas pressure. The 

immediate appearance of carbon dioxide bubbles upon 

perfusion indicates that clinically relevant durations of pressure 

exposure could be sufficient to establish tissue reservoirs 

containing enough dissolved carbon dioxide to supersaturate 

circulating blood and induce bubble formation. Moreover, the 

experiments demonstrated that smaller blood vessels with lower 

blood flow rates were more susceptible to bubble formation at 

the microscale. These blood vessels are more likely to be in 

proximity to saturated tissues, increasing the probability of 

carbon dioxide being released into the bloodstream. From a 

medical perspective, the competition between the uptake of 

carbon dioxide in tissues faster than for air, leading to high 

concentrations in short times, counterbalanced by the quick 

transfer in blood, suggests further research directions in abiotic 

microfluidic systems. 

IV. CONCLUSION 

This study presented a microfluidic platform for in vitro 

study of the genesis of gas embolism at microscale arising from 

invasive medical procedures involving pressurized gases. Air 

and carbon dioxide, across clinically relevant pressure ranges, 

served as representative gases used in gastroscopy and 

laparoscopy, respectively.  

The results suggest that air embolism could occur at 

pressures routinely employed during gastroscopy. While 

ruptures of 25 µm-thick vascular walls occurred, air bubbles 

entered the circulation even through intact walls of blood 

vessels of 50 µm thickness. Importantly, a sizable minority of 

larger bubbles form at relatively low pressures. Larger emboli 

are of particular concern because of their slower dissolution 

rates and greater likelihood of becoming lodged within blood 

vessels. Bubble formation and vascular entry increased in 

vessels with perforations mimicking legions, while maintaining 

the same characteristic of a sizable minority of large emboli. 

These findings highlight the need for improved pressure and 

gas flow rate monitoring in gastroscopy, where insufflation is 

currently performed according to operator’s experience. The 

rapid passage of gas into damaged vessels underscores the 

importance of thorough vascular assessment prior therapeutic 

gastroscopy, which frequently involve active bleeding sites. 

Carbon dioxide embolism developed at pressures only 

modestly exceeding those typically used in laparoscopy. 

Additionally, carbon dioxide embolism exhibited a more abrupt 

onset and higher gas volumes entering the circulation. These 

observations suggest that the risk of carbon dioxide embolism 

during laparoscopy may be underestimated and warrants 

increased clinical awareness.  

Supersaturated tissues appear to act as gas ‘reservoirs’, 

potentially prolonging gas embolism after therapy. Suggesting 

that further research is needed to assess the optimum protocols 

for hyperbaric oxygen therapy. 
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