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DESIGN RATIONALE: BAROGUARD LUNG PRESERVATION SYSTEM

Part One: Pressure Points
Evidence-Based Insights into Lung Preservation Parameters
Advances in technology have transformed donor lung 

preservation, shifting practice away from traditional ice 
storage and towards controlled moderate hypothermic 
storage. However, there are persistent misconceptions 
that affect how organ preservation research is 
interpreted and applied in clinical practice. Even 
in the modern era, foundational research questions 
on preservation parameters such as temperature are 
frequently oversimplified. A thorough understanding of 
the scope, assumptions, and limitations of the current 
body of evidence is critical to allow for educated 
decision making in clinical settings. 
There is no consensus on a single, specific “optimal” 
temperature for lung preservation, as all studies 
cover a range of storage temperatures. 
The 2025 AATS Expert Consensus Document on 

Current Standards in Donor Lung Procurement and 
Preservation states that studies investigating static cold 
storage between 4°C and 10°C support the use of these 
warmer temperatures for safe storage of donor lungs 
(Co RIIa, LoE B-NR, 100% consensus).1

To date, FDA-regulated static controlled moderate 
hypothermic lung preservation systems have been 
studied in two main ways (Table 1). The first is 
through a retrospective review of the GUARDIAN-
Lung Registry using the LUNGguard® System, the 
BAROguard® System, or ice storage. Several reports 
of the GUARDIAN-Lung data have been presented 
and published, each including data collected from 
the embedded temperature probe that continuously 
measures the temperature of the preservation solution 

surrounding the lungs.2-7

The second is through an ongoing randomized 
controlled trial that studies lung preservation at 
4°C-10°C and ice storage.8,9  This study aims to compare 
extended preservation (up to 12 hours of ischemic time) 
at 4°C-10°C versus ice storage at 0°C-2°C (up to 6 
hours of ischemic time). 
As rationale for this, Ali et al. state that “preliminary 

studies published more than 30 years ago have suggested 
that 10°C is the optimal lung storage temperature.”10 
However, investigation into these cited foundational 
studies reveals that only the temperature range of the 
storage environment (input) was reported, not the actual 
measured organ temperature (output). Wang et al. and 
Date et al.  similarly conclude that the optimal temperature 
is “in the vicinity of 10°C.”11,12 The study methods by 
Wang et al. detail that “the storage temperature was 
kept constant by using a cold room at 4°C to 15°C” 
and that all storage environment temperatures are ±1°C 
(i.e., “10°C” is actually 9°C-11°C). Nakamoto et al. 
came to a slightly different conclusion, stating that “...
the optimal temperature for lung preservation by topical 
cooling is 8°C to 9°C” by using segmented regression 
models between functional parameters and preservation 
temperature.13 Similar to the clinical studies in Table 2, 
the preservation temperature in this study was equated 
to the refrigerator set temperature rather than an actual 
measured temperature.   
Temperature is not consistently measured and 
reported in published lung preservation studies that 
claim a single, specific temperature (‘4°C’ or ‘10°C’). 

Table 1. All FDA regulated static storage lung preservation devices are labeled to operate over a range of safe 
temperatures.

Product Manufacturer Type Storage Temperature 510(k) Number

LUNGguard® 
System20 

Paragonix 
Technologies Controlled Moderate Hypothermia 4°C - 8°C K192869

BAROguard® 
System21

Paragonix 
Technologies

Controlled Moderate Hypothermia 
& Airway Pressure Control 4°C - 8°C K223874

X°Port® 
System22

Traferox 
Technologies Controlled Moderate Hypothermia 4°C - 10°C K243870

 X°PORT is a trademark of Traferox Technologies Inc.
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Inconsistencies in temperature reporting in peer-
reviewed publications have led to ongoing confusion 
in the lung transplant field. Historically, donor lungs 
were preserved on ice for transport with the intention 
of maintaining their temperature at approximately 
4°C. Recently published work has demonstrated that 
this practice in fact brings the temperature down to 
close to 0°C, rather than the often-cited 4°C.14 In this 
study of traditional static ice storage, the actual tissue 
temperature of the lungs was <2°C and the temperature 
of the Perfadex was 0°C within 3 hours of ice storage, 
demonstrating that the underlying assumption of ice 
storage at 4°C is not feasible (Image 1). 

Despite this evidence, recent studies of lung  
preservation continue to incorrectly refer to ice storage 
as 4°C.15-19 Additionally, these recent studies fail to 
measure and report any data on the organ environment, 
preservation solution, or actual organ tissue 
temperature. All that is reported is the temperature that 
the storage device is set to (Table 2). This gap in data 
incorrectly assumes that the temperature of the storage 
environment is equivalent to the actual temperature 
of the organ.15-19 Regardless, the intervention arm of 
the studies is labeled as “10°C,” a single temperature, 
despite no actual measured organ tissue or environment 
temperature.

Table 2. Examining the recent history of published “10°C” lung preservation studies from the modern era reveals that 
actual organ temperature has not been consistently measured or reported.

Year Author Model Actual Organ Temperature Measurement Method Preservation Device

2025 Hoetzenecker15 Human Not reported N/A, not measured
Ice transport followed 
by MYTEMP 65HC 
Incubator set to 10°C

2024 Barturen16 Human Not reported N/A, not measured
Ice transport followed 
by MYTEMP 65HC 
Incubator set to 10°C

2023 Ali17 Human Not reported N/A, not measured
Ice transport followed 
by MYTEMP 65HC 
Incubator set to 10°C

2022 Abdelnour-
Berchtold18 Porcine Not reported N/A, not measured

“4°C”: ice storage
“10°C”: thermoelectric 

cooler

2021 Ali19

Porcine Not reported N/A, not measured
“4°C”: walk-in cooler
“10°C”: thermoelectric 

cooler

Human Not reported

N/A, not measured;  
“Visual monitoring 

of the chamber 
temperature”

Ice transport followed 
by MYTEMP 65HC 

Incubator

Image 1. Actual organ temperature measurement 
demonstrates that ice storage is not “4°C.”14

Image 2. Actual organ temperature measurement shows 
that the tissue temperature does not equilibrate with the set 
temperature of the refrigerator, even after 8 hours.14
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Cenik et al also investigated the actual temperature 
dynamics of lungs stored on ice for 3 hours followed 
by storage in a 10°C incubator (Image 2).14 After 3 
hours of ice storage, the actual tissue temperature was 
1.9°C. The lungs were then placed into an incubator 
set to 10°C for 8 hours. The actual tissue temperature 
only increased by about 1°C per hour while in the 
incubator, never reaching an actual tissue temperature 
of 10°C even after 8 hours of storage in the incubator. 
The average tissue temperature during exposure to the 
10°C environment was 6.47°C. Without measuring and 
reporting the actual organ preservation temperature, 
conclusions cannot be drawn about the “optimal” 
storage temperature.
The transplant field has evolved from traditional 

ice storage by recognizing that ‘ice is not 4°C,’ and 
for bringing greater attention to temperatures in lung 

preservation. However, as we move past ice, it becomes 
clear that the existing literature does not support a single, 
precise temperature for lung preservation. Across 
studies, temperatures are reported as ranges rather than 
a single digit, ‘optimal’ temperature, and furthermore, 
temperature methods are not clearly defined. 
To date, the only transparently reported data comes 

from the GUARDIAN-Lung registry (Table 3), which 
clearly demonstrates that preservation within the 4–8 °C 
range is safe and effective. Beyond this, the temperature 
data available in the literature lack methodological 
clarity and consistent temperature reporting. While the 
community has taken an important step past ice, it is 
essential to have a comprehensive understanding of 
the evidence supporting preservation devices through 
critical evaluation of new findings as they emerge.

Table 3. Presented and published temperature data from the GUARDIAN-Lung Clinical Registry.

Year Author Model, N Actual Organ Temperature Measurement Method Preservation Device

2024 An-Lies 
Provoost2

Human 
N=36 6.7°C ± 1.5°C

Temperature probe 
in contact with organ 

storage bag
LUNGguard System

2024 Ceulemans3 Human 
N=13 7.3°C ± 1.4°C

Temperature probe 
in contact with organ 

storage bag
LUNGguard System

2025 Langer4 Human 
N=304 6.6°C ± 2.2°C

Temperature probe 
in contact with organ 

storage bag
LUNGguard System

2025 Hartwig5 Human 
N=80 6.1°C ± 1.6°C

Temperature probe 
in contact with organ 

storage bag
LUNGguard System

2025 Ceulemans6 Human 
N=357 6.4°C ± 2.0°C

Temperature probe 
in contact with organ 

storage bag
LUNGguard System

2025 Bush7 Human 
N=48 6.7°C ± 0.9°C

Temperature probe 
in contact with organ 

storage bag
BAROguard System
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Static controlled hypothermia with FDA-cleared 
preservation systems remains an effective approach 
for donor lung storage because of its reliability, ease 
of use, and safe failure modes. All currently available 
FDA-cleared hypothermic preservation systems rely 
on phase-change material to maintain donor organ 
temperature within a safe range over a defined period 
of time. This is reflected both in engineering constraints 
and in regulatory filings: the FDA has cleared static 
preservation devices only for temperature ranges, 
specifically 4–8°C or 4–10°C. 
Among these, the 4–8°C range is supported by 

clinical data through the GUARDIAN-Lung Registry. 
While the FDA cleared devices operate on similar 
fundamental principles, only the tighter 4–8°C range 
has been robustly validated in clinical practice. No 
currently available FDA-cleared preservation system 
is designed or approved to maintain a single, fixed 
temperature during storage. 
All FDA regulated static lung preservation systems 
are cleared for a temperature range. 
In the United States, only 3 portable preservation 

devices are FDA-cleared for static controlled moderate 
hypothermia of donor lungs intended for transplantation. 
All FDA regulated static hypothermic lung preservation 
systems are cleared to maintain temperature within a 
specified range, not a single temperature (Table 1).  
Each of these systems were FDA-cleared through the 

510(k) pathway, requiring a legally marketed predicate 
device to which the new (subject) device can be deemed 
“substantially equivalent.” Both the BAROguard 
System and the X°Port® System were determined by the 

FDA to be substantially equivalent to the LUNGguard 
System.
Thermoelectric systems have not received FDA 

clearance or approval for organ preservation and 
transport.4-7 Their thermostat control mechanisms 
have not been validated to meet the rigorous standards 
applied to FDA cleared or approved medical devices 
and may subject the contents to cyclic variations in 
temperature. They have not been recommended by any 
professional societies for donor organ storage. 
 Passive systems, from an engineering standpoint, 
cannot maintain a single temperature. 
All FDA-cleared portable static moderate hypothermic 

preservation devices are labeled for a temperature 
range, each achieving this through passive cooling. 
Passive cooling systems utilize phase change material 
(PCM), which operates over a temperature range. Real 
PCMs experience a gradual melting or solidifying of 
the material across several degrees, in comparison to 
an idealized, theoretical PCM, which would undergo an 
isothermal phase transition at a single temperature and 
does not exist in practice (Image 3).8

DESIGN RATIONALE: BAROGUARD LUNG PRESERVATION SYSTEM

Part Two: No Magic Number
Evidence-Based Insights into Thermodynamics

Image 3. Thermal capabilities of a real PCM 
versus ideal PCM, which does not exist in practice. 

Table 1. All FDA regulated static storage lung preservation devices are labeled to operate over a range of safe 
temperatures.

Product Manufacturer Type Storage Temperature 510(k) Number

LUNGguard® 
System1 

Paragonix 
Technologies Controlled Moderate Hypothermia 4°C - 8°C K192869

BAROguard® 
System2

Paragonix 
Technologies

Controlled Moderate Hypothermia 
& Airway Pressure Control 4°C - 8°C K223874

X°Port® 
System3

Traferox 
Technologies Controlled Moderate Hypothermia 4°C - 10°C K243870

 X°PORT is a trademark of Traferox Technologies Inc.



BAROGUARD SYSTEM DESIGN RATIONALE  L-831 Ver. 1

This temperature range can be further understood in 
terms of finite heat transfer and spatial temperature 
gradients within the PCM. This means that different 
regions of the material absorb or release heat at different 
rates, due to finite thermal resistance, causing segments 
of the material to transition at slightly different 
temperatures causing a spatial temperature gradient.9,10

Additionally, variation in lung size, in-situ flush 
temperature and technique, and time between final breath 
and the start of preservation are significant contributors 
to the actual preservation temperature. These variables 
combined with a consistent energy capacity in the PCM 
inevitably result in variable temperature. Reporting a 
single characteristic temperature is insufficient, and 
PCMs in passive thermal systems should be described 
with temperature ranges. 

Now that the transplant field has evolved from 
traditional ice storage with the recognition that ice is 
not 4°C, the field has turned its attention to defining the 
‘optimal’ lung preservation temperature.
Across all hypothermic lung preservation technologies, 

static passive systems have few failure points, stay stable 
without power, and are simple for teams to use — all of 
which are beneficial characteristics during FDA review.  
The phase-change material used in Paragonix 
SherpaCools, the cooling technology found in both 
BAROguard and LUNGguard Systems, is purposely 
designed to hold a tight  range between 4-8°C. 
SherpaCool was engineered this way to improve 
consistency and reduce temperature variability 
throughout transport to establish a reliable approach. 
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The unique characteristics of donor lungs make them 
sensitive to pressure changes potentially leading to 
over- or under-inflated lungs. Yet, current guidance 
on inflation pressure during packaging varies widely, 
making it difficult to achieve consistency. These 
inconsistencies are further magnified when lungs are 
transported in pressurized aircraft cabins, now a routine 
occurrence in the Composite Allocation Score era. 
These ideas demonstrate that discussions of ‘optimal’ 
preservation must extend beyond temperature alone. 
True optimization requires control of both temperature 
and pressure to protect the lungs throughout storage 
and transport.
The final airway pressure in packaged donor lungs 
is dependent on imprecise clinical procedures. 
The resulting final airway pressure after donor lung 

procurement is dependent on multiple imprecise 
clinical procedures, with wide variability reported in 
practice and in the literature.1 Procurement guidelines 
recommend holding lungs at a static inflation pressure 
of 12-15 cm H2O to avoid over- or under-distension.2 

Other surgical protocols cite that lungs should be 
inflated to pressures between 15-20 cm H2O before 
stapling the trachea.3 In practice, inflation is sometimes 
performed using total lung capacity as guidance with 
the trachea being clamped while the lungs are in a 
partially inflated state as a means of compensating for 
future pressure change due to air travel.4,5 In addition, 
modern air transport imposes cabin pressure variations 
where lungs inflated to full capacity risk barotrauma 
during flights, highlighted more in depth below. To 
account for this, recommendations have been made to 
extubate the patient, allowing the lungs to deflate to 
“around 75-80% of total capacity.”5 This adjustment 
to lung inflation, intended to reduce the risk of over-
inflation and barotrauma during air travel, compounds 
the already imprecise methods of lung packaging and 
preservation. As a result, donor lungs are often inflated 
to pressures below the recommended levels. In a 
clinical case example, airway pressure in donor lungs 
was recorded at a starting pressure of 9 cm H2O, below 
the guideline’s minimum threshold and potentially at a 
higher risk for atelectasis due to pressure changes during 

preservation.6 This highlights not only the challenge of 
achieving and maintaining the recommended inflation 
state, but also the variability and subjectivity employed 
while packaging donor lungs.  
 Commercial and private aircraft cabins are not 
pressurized to sea level. 

Beyond the variation in airway pressures due to 
imprecise clinical procedures and ongoing metabolism, 
these effects are magnified by pressure changes due to 
air travel. The US Federal Aviation Regulations 914 CFR 
25.841 require that under normal operating conditions, 
cabin pressure altitude cannot exceed 8,000 ft at the 
aircraft’s maximum operating altitude. Going beyond 
this cabin pressure introduces structural stress on the 
airframe due to the pressure differential between the 
inside and outside of the fuselage.7  

For this reason, both commercial and private aircraft 
cabins are not pressurized to sea level conditions. 
They are instead pressurized to a lower atmospheric 
pressure, characteristic of higher elevation. Private 
aircrafts offer cabin pressurization roughly equivalent 
to altitudes between 3,000 and 5,000 ft, while direct 
measurements aboard Boeing 747-400 flights showed 
average cabin pressure of 863 cm H2O, corresponding 
to an altitude of 5,000-8,000 ft.8-10 Reference standards 
for aircraft show that cabin pressurization systems are 
designed to balance the structural limits of the fuselage 
with human tolerance, resulting in a cabin pressure 
equivalent to moderate altitude, but not sea level.11 

From a physiological standpoint, studies have shown 
that drops in arterial oxygen saturation (SpO2) during 
flight can be linked to a decrease in ambient pressure. A 
study of commercial airline travel recorded a decline of 
3-4% SpO2 after several hours in flight as cabin pressure 
decreased, tolerable for most healthy humans.12

Ambient pressure data from nearly 100 clinical lung 
transplant cases has also been collected using a mobile 
device’s onboard barometric sensor and the Paragonix 
digital application.6 Donor lungs experienced an 
average ambient pressure decrease of 198 cm H2O as 
a result of increasing altitudes during air transport. 
Ambient pressure remained reduced for an average 

DESIGN RATIONALE: BAROGUARD LUNG PRESERVATION SYSTEM

Part Three: Narrowing Precision
Evidence-Based Insights into Pressurization
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duration of 4.7 hours before returning to near sea-level 
conditions, accounting for different flight lengths. The 
average minimum ambient pressure experienced by 
lungs during transport was 838 cm H2O. Across all 
cases, the lowest recorded ambient pressure was 767 cm 
H2O, consistent with the minimum cabin pressurization 
required for commercial aircraft (8,000 ft). The highest 
recorded ambient pressure was 1052 cm H2O. Despite 
these fluctuations in ambient pressure, the BAROguard 
System controlled the internal airway pressure of all 
donor lungs within consensus range to an average of 14 
± 0.47 cm H2O for the duration of preservation.  

Donor lungs are exposed to a wide range of pressure 
environments during transport from donor to recipient. 
Although clear protocols exist for protective ventilation 
at both the donor and recipient stages, pressure control 
during preservation and transport is often overlooked, 
potentially unraveling the careful work done on either 
end of the process. This variability is what prompted the 
addition of pressure control to the BAROguard System. 
The internal, automated pressure system brings stability 
to an otherwise variable process, keeping lungs within 
the ISHLT-recommended inflation range throughout 
transport despite commonly expected fluctuations 
in ambient conditions. The result is better alveolar 
protection, combined with a consistent, standardized 
means of hypothermic preservation, regardless of 
procurement conditions or travel method. 

As the field of lung preservation continues to advance, 
it is critical that discussions of ‘optimal’ preservation 
address not only temperature control but also pressure 
control because we can all agree that donor lungs should 
be cold and inflated. 
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Image 4. The ambient pressure of 96 clinical lungs were 
measured during real-world flights.
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The modern era of donor lung preservation has seen 
numerous benefits in terms of post-transplant outcomes, 
owing to the elimination of freezing injury when 
utilizing controlled moderate hypothermia. However, 
the physiological characteristics of lungs make them 
uniquely sensitive to pressure changes and freezing 
temperatures, due to their delicate alveolar structure 
and reliance on pressure gradients for gas exchange. 
For decades, the lung’s inflation pressure had not been 
actively controlled or monitored during traditional 
static storage. Preclinical research has demonstrated 
that airway pressure in donor lungs decreases over 
time due to ongoing aerobic metabolism, with the rate 
of oxygen consumption increasing at the upper end of 
the “moderate hypothermic” range. Years of preclinical 
research have shown that pressure decreases over time 
due to ongoing aerobic metabolism. Literature has 
proven that this point holds true even under hypothermic 
conditions where metabolism is seen to slow down but 
not completely stop. Therefore, it is essential to keep 
donor lungs cold and inflated during preservation.  
The initial airway pressure of packaged donor lungs 
is not maintained throughout preservation. 
Published data indicate that donor lungs do not maintain 

their initial inflation pressure during static hypothermic 
preservation. Preclinical literature shows that airway 
pressure decreases to about 60% of its starting pressure 
by about 7 hours, the average ischemic time in the 
Composite Allocation Score era.1,2 This suggests that 
lungs do not maintain their starting pressure as time 
elapses, likely resulting in under-pressurized lungs upon 
arrival. Studies measuring gas concentration in stored 
lungs report decreasing oxygen concentration while 
carbon dioxide concentration increases due to potential 
metabolism by the terminal alveoli. (Image 5). These 
trends in oxygen consumption and carbon dioxide 
production increase with temperature, indicating that 
although hypothermic conditions slow down metabolic 
activity, it does not completely stop.3 It is important to 
note that as temperature increases, this point becomes 
more exaggerated. This demonstrates the importance 
of controlling lung pressure when considering warmer 
preservation temperatures.

Taken together, these data argue that lungs maintain 
metabolic activity even during hypothermic 
preservation, likely resulting in declining airway 
pressures. Without active airway pressure control, 
there is a higher risk of delivering under inflated grafts. 
When this idea is compounded with imprecise packing 
procedures, an initially under inflated lung is at risk of 
dropping pressure even further during preservation due 
to the lungs’ aerobic state. 

When discussing optimal preservation conditions 
for donor lungs, it is essential that pressure control 
is included in the conversation. The literature  
demonstrates that donor lungs continue to undergo 
metabolic activity during preservation, even under 
hypothermic conditions. To support these ongoing 
metabolic demands, the BAROguard System is designed 
to maintain airway pressure by drawing in fresh room 
air as needed, a feature specifically addressing the 
variabilities in donor lung inflation and helping to 
preserve inflation throughout transport. By adding a 
mechanically controlled feature, the device is able to 
achieve consistent and controlled airway pressures, 
as well as maintain higher levels of oxygen than in 
a statically stored lung. As the field of preservation 
continues to advance, future research should focus on 
how best to sustain the continued metabolic needs of 
donor lungs during hypothermic storage, especially if 
considering warmer preservation temperatures. 
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Image 5. Metabolic demand increases with rising temperatures.


