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(57) ABSTRACT 

Methods of determining the health of an organ, such as a 
transplant organ, by measuring the ex-situ oxygen consump 
tion rate of the organ. Systems for preserving and transporting 
organs while monitoring viability by measuring oxygen con 
Sumption rates. 
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METHODS AND SYSTEMS FOR ASSESSING 
THE SUITABILITY OF AN ORGAN FOR 

TRANSPLANT 

RELATED APPLICATIONS 

0001. This application is a continuation of U.S. patent 
application Ser. No. 13/572,332, filed Aug. 10, 2012, which is 
incorporated by reference herein in its entirety. 

FIELD OF THE INVENTION 

0002. The invention relates, generally, to methods for 
assessing the viability of an organ intended for transplant 
after the organ has been removed from the donor. 

BACKGROUND 

0003) Approximately 115,000 Americans are currently 
awaiting organ donations. Their conditions range from heart 
disease, to cancer, to birth defects, to combat injury. While 
approximately 80 Americans per day receive organ trans 
plants, another 18 per day die waiting for a healthy matching 
organ. (U.S. Department of Health and Human Services, 
Organ Procurement and Transplantation Network: http:// 
optin.transplant.hrsa.gov/) 
0004. While there is a need for more donors, there is also 
a need for better methods of preserving donated organs and 
assessing viability between harvest and transplant. In some 
cases, organs expire for purely logistic reasons, that is, they 
cannot be delivered to the intended recipient within the man 
dated time frame. For example, hearts that are preserved by 
cold static storage (e.g., ice chest) cannot be transplanted after 
four hours of ischemia (lack of blood supply) for fear that the 
heart will not function in the recipient. Accordingly, weather 
and traffic delays can cause an otherwise "perfect match' 
organ to go unused. The short-comings of cold static organs 
storage have been addressed by a number of recent innova 
tions, such as those disclosed in U.S. patent application Ser. 
No. 13/420,962, "Apparatus for Oxygenation and Perfusion 
of Tissue for Organ Preservation.” filed Mar. 15, 2012, and 
incorporated herein by reference in its entirety. 
0005. The “time window” for organ transplant is some 
what arbitrary, however, because the overall health of the 
donor organ may vary substantially at the time of harvest. For 
example, the heart of a 50 year old man who died of Alzhe 
imer’s will likely not fareas wellinischemic conditions as the 
heart of an 18-year-old athlete who died in a traffic accident. 
Certainly, if it were possible to assess the viability of organs 
during and/or after transport, more organs would be trans 
planted that were outside the standard transport window. 
0006. In addition to monitoring the viability of “healthy” 
donor organs, reliable assessment techniques could also 
increase the total number of available donor organs. As dis 
cussed above, the demand for donor organs far exceeds the 
supply. This discrepancy has prompted doctors to re-assess 
what constitutes a harvestable organ. For many years, organs 
were only considered for transplant if cardiac death had not 
preceded harvest or if harvest took place immediately after 
cardiac death, so-called “beating-heart” donors. Accordingly, 
donor organs were typically only harvested from patients who 
died in a hospital capable of providing life support at the time 
of death. 
0007 New research into expanded criteria donors (ECD) 
and donation after cardiac death (DCD) suggest that many 
organs that are discarded may be viable for transplant. For 
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example, kidneys are now harvested and transplanted from 
donors who are over age 60, or overage 50 with a history of 
hypertension. Additionally, kidneys may be harvested from 
donors who arrive at the hospital with continued resuscitation 
after cardiac arrest, but no indication of survival. Kidney 
donations, in particular, have pushed the limit for donor har 
vest because a recipient undergoing an unsuccessful trans 
plant can be kept on dialysis indefinitely until a new match is 
identified. 
0008. Nonetheless, doctors have successfully harvested 
livers from the ECD and DCD groups, and many advocate 
that this pool of donors is further expanded to include lungs, 
pancreases, and even hearts. See Steinbrook, "Organ Dona 
tion. After Cardiac Death.” New England Journal of Medicine, 
357; 3, 210-13 (2007). Systems capable of increasing the 
transport time of organs while also monitoring the viability of 
the organs could substantially increase the pool of available 
Organs. 

SUMMARY 

0009. The invention provides methods for evaluating the 
viability of an organ that may be used for transplant. In 
particular, by measuring the oxygen consumption rate of the 
organ, as the organ is perfused with an oxygen-containing 
fluid, it is possible to determine the overall health of the organ 
and its viability for transplant. With the methods of the inven 
tion it will be possible to evaluate a transplant organ (e.g. 
heart, kidney, lung, liver, pancreas) at all stages; from harvest 
to transplant. This will allow medical professionals to Vali 
date, and then use organs which would otherwise be dis 
carded because the organ was outside of the donor body for 
too long, or because the organ was from an expanded criterion 
donor. In addition, the invention will save resources in the 
event that the organ expires prematurely. For example, if a 
donor organ expires during transport, transport personnel can 
contact the hospital and tell the transport team to stand down 
and to not subject the transplant recipient to unnecessary 
treatments, e.g., anesthesia. 
0010. In addition to the methods of evaluating an organ, 
the invention provides systems for the simultaneous perfu 
sion of donor organs with oxygenated preservation solution 
and monitoring of the overall oxygen consumption of the 
organ. This system will allow an organ to be kept viable 
longer, and allows users (e.g., transport teams) to monitor the 
health of the organ during transport. Additionally, some sys 
tems are capable of monitoring oxygen consumption during 
preservation and then using the consumption data to alter the 
perfusion temperature, flow rate, pressure, etc. of the preser 
vation system, thereby optimizing the preservation condi 
tions for the organ. In some embodiments, the system pro 
vides a time-varying pressure to the preservation solution, 
thereby mimicking the pressure differentials that would be 
found in the vasculature. 
0011. The invention also provides methods for predicting 
a glomerular filtration rate of a kidney by perfusing the kidney 
with an oxygenated solution and monitoring the oxygen con 
sumption rate of the kidney. The oxygen consumption rate 
can then be compared to a standard such as a functional 
kidney consumption rate in order to predict a glomerular 
filtration rate. For example, a measured oxygen consumption 
rate of 2.5ulO/min/g of organ mass or greater may predicta 
glomerular filtration rate of 0.05ml fluid/min/g of organ mass 
or greater. An extension of this method is to use the predicted 
glomerular filtration rate to determine whether a donor kid 
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ney is suitable for transplant, for example when the donor 
kidney is from an expanded criteria donor (ECD) or from a 
donation after cardiac death (DCD). 
0012. The methods and systems described herein are gen 
erally applicable to organs, such as hearts, lungs, livers, pan 
creases, and kidneys. In particular, the methods will be useful 
for evaluating and monitoring hearts and kidneys. Nonethe 
less, the concepts of the invention are broadly applicable to 
any system containing cells that Survive by respiration. Thus, 
it is possible to monitor the health of tissues or other body 
parts by monitoring oxygen consumption. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 FIG. 1 is a simplified diagram of an embodiment of 
the invention. 
0014 FIG. 2 is a diagram of an embodiment of a perfusion 
device for use with an embodiment of the invention. 
0015 FIG. 3 is an exploded diagram of a perfusion lid for 
use with an embodiment of the invention. 
0016 FIG. 4 is a diagram of a pneumatic system suitable 
for use with an embodiment of the invention. 
0017 FIG. 5 is schematic drawing of a flow system suit 
able for use with an embodiment of the invention. 
0018 FIG. 6 is schematic drawing of a flow system suit 
able for use with an embodiment of the invention. 
0019 FIG. 7 is a flow diagram of a control system suitable 
for use with an embodiment of the invention. 
0020 FIG. 8 is a flow diagram of a method for calculating 
organ flow rate and organ resistance according to an embodi 
ment. 

0021 FIG.9 is a flow diagram of a method for calculating 
the oxygen consumption rate of an organ. 
0022 FIG. 10 is a diagram of an embodiment of a perfu 
sion device for use with an embodiment of the invention. 
0023 FIG. 11 is a diagram of an embodiment of a perfu 
sion device for use with an embodiment of the invention. 
0024 FIG. 12 is a front view of a perfusion device for use 
with an embodiment of the invention. 
0025 FIG. 13 is a front view of an organ support for use in 
a perfusion device according to the invention. 
0026 FIG. 14 is a perspective view of an organ support for 
use in a perfusion device according to the invention. 
0027 FIG. 15 is a diagram of a laboratory perfusion cham 
ber for oxygenated perfusion of a rodent kidney. 
0028 FIG. 16 is a diagram of a laboratory setup for mea 
Suring glomerular flow rates from a rodent kidney. 
0029 FIG.17 shows a measured correlation between mea 
Sured oxygen consumption and glomerular flow rate. 
0030 FIG. 18 shows O. partial pressure measurements 
from arterial and venous perfusate flows in a DCD (donation 
after cardiac death) kidney model undergoing hypothermic 
perfusion. 

DETAILED DESCRIPTION 

0031 Methods and systems are described herein that are 
configured to monitor the health of an organ or determine the 
suitability of an organ for transplant. In preferred embodi 
ments, the oxygen consumption rate of the organ is measured 
and correlated with the health of the organ or the suitability of 
the organ for transplant. Additionally, systems of the inven 
tion may oxygenate and perfuse an organ with variable pres 
Sure while measuring the oxygen consumption rate of the 
organ. The perfusion devices described may be portable 
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devices, thereby extending the viability of the organ over a 
longer period of time. Portable extracorporeal preservation is 
desirable for transporting organs to be transplanted from a 
donor to a recipient. 
0032. The oxygen consumption rate of an organ (or a 
tissue or other organism) is the amount of oxygen consumed 
per unit of time, presumably due to cellular respiration of the 
organ. A measurement of the oxygen consumption rate gives 
clues to the health of the organ/tissue exposed to the oxygen. 
Organs or tissues consuming oxygen in a range of “normal” 
(i.e., functional) rates are presumed healthy, while organs or 
tissues consuming oxygen at less than the “normal' (i.e., 
functional) rate are likely unhealthy, e.g., experiencing cellu 
lar death. Various previous studies or new studies may be used 
to determine a functional oxygen consumption rate for com 
parison to the measured oxygen consumption rate. The func 
tional oxygen consumption rate for an organ may be, for 
example, 10 nmolO/min/g of organ mass or greater, 20 
nmol()/ming of organ mass or greater, 50 nmolG)/min/g of 
organ mass or greater, 80 nmol()/ming of organ mass or 
greater, or 100 nmolo/ming of organ mass or greater. The 
oxygen consumption rate may be dependent upon the tem 
perature of the organ or tissue, and the overall rate may be 
indexed as a function of mass to account for a larger number 
of cells. 
0033. In an embodiment of the invention, the oxygen con 
Sumption rate is calculated as a function of the partial pressure 
of oxygen in a fluid which is flowing through the organ (e.g., 
a perfusate). Thus, by measuring a partial pressure into and 
out of the organ, an oxygen consumption rate can be calcu 
lated. Alternatively, the oxygen consumption rate may be 
calculated by measuring the partial pressure of oxygen in a 
fluid before and after the fluid contacts an organ or tissue. The 
fluid may be a gas, for example air, or the fluid may be a 
liquid, for example blood or a preservation fluid. In the case of 
a fluid moving through an organ, the oxygen consumption 
rate (OCR) can be calculated from 

QX(pO-po)x a 
i 

OCR = 

wherein Q is the flow of the fluid through the organ, p0, is 
the partial pressure of oxygen in the fluid entering the organ, 
pO., is the partial pressure of oxygen in the fluid exiting the 
organ, a is the solubility of oxygen in the fluid at a given 
temperature (typically given in mol/milmmHg), and m is the 
Organ mass. 
0034 For a given type of organ or tissue, an oxygen con 
Sumption rate in the “normal range is indicative of a healthy 
organ. The OCR value will vary between organs, in response 
to the type of tissue comprising the organ, however the OCR 
value will typically be greater than 50 nmolo/min/g of organ 
mass, e.g. greater than 100 nmolG)/min/g of organ mass, e.g. 
greater than 150 nmolo/min/g of organ mass, e.g. greater 
than 200 nmolO/min/g of organ mass. 
0035. Additionally, in the case of organs harvested to be 
used for transplant, a measurement of the OCR can provide an 
instantaneous status of the organ health. For example, an 
OCR measurement immediately prior to transplant can be a 
“final check” of transplant organ viability. Additionally, OCR 
measurements can be used to determine if an organ, that has 
exceeded the transport window, is still viable for transplant. 
Alternatively, an organ, e.g. a kidney, harvested from an 
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extended candidate or from a cardiac death can be evaluated 
for Suitability as a transplant organ after removal from the 
donor. 

0036. In preferred embodiments, OCR measurement on a 
transplant organ will be continuous throughout the transport 
of the organ, thereby allowing medical professionals to know 
the health of the organ at all times and/or intervene in the 
event that the organ does not maintain an OCR within a 
“normal range. In some embodiments, a transplant con 
tainer, for example a hypothermic perfusion device, will have 
oxygen sensors and a processor which communicates the 
OCR measurement to the control systems of the perfusion 
device. Thus, the perfusion device can modify the level of 
oxygenation or rate of perfusion in response to changes in 
OCR levels for the organ, thereby keeping the organ healthy 
during transport. The OCR measurement may also be com 
municated to a communication device, for example a digital 
readout or an audible signal or a warning light to alert a user 
that the OCR has fallen out of the “normal range. 
0037. A number of perfusion devices, e.g., hypothermal 
perfusion devices, can be used with the methods of the inven 
tion. For example, the devices disclosed in U.S. patent appli 
cation Ser. No. 13/420,962, Apparatus for Oxygenation and 
Perfusion of Tissue for Organ Preservation.” filed Mar. 15, 
2012, and incorporated herein by reference in its entirety. 
Typically, the perfusion devices will incorporate at least one 
oxygen sensor, e.g., two oxygen sensors, to measure a partial 
pressure of oxygen into and out of the organ. In some embodi 
ments, the partial pressure of oxygen into the organ will be 
measured just prior to the oxygenated perfusate entering the 
organ, and the partial pressure of the perfusate exiting the 
organ will be measured just after leaving the organ, and the 
measurements compared to determine a rate of oxygen con 
Sumption. In other embodiments, the partial pressure of oxy 
gen in an oxygenation/pump chamber will be measured, and 
the partial pressure of oxygen in an organ storage chamber 
(into which the perfusate drains after perfusing the organ) will 
be measured, and the measurements compared to determine a 
rate of oxygen consumption. In other embodiments, the par 
tial pressure of the oxygen may be measured at different 
locations prior to and after the organ is perfused. 
0038. In some embodiments, a device for use with the 
invention is configured to self-purge excess fluid (e.g., liquid 
and/or gas). For example, in Some embodiments, a device 
includes a lid assembly in which at least a portion of the lid 
assembly is inclined with respect to a horizontal axis. The 
inclined portion of the lid assembly is configured to facilitate 
the flow of fluid towards a purgeport disposed at substantially 
the highest portion of a chamber of the lid assembly. In this 
manner, excess fluid can escape the device via the purge port. 
Also in this manner, when excess liquid is expelled from the 
device via the purge port, an operator of the device can deter 
mine that any excess gas has also been purged from the 
device, or at least from within an organ chamber of the device, 
because the gas is lighter than the liquid and will move 
towards and be expelled via the purge port before excess 
liquid. 
0039. In some embodiments, a device is configured to 
pump oxygen through a pumping chamber to oxygenate a 
perfusate and to perfuse a bodily tissue based on a desired 
control scheme. For example, in Some embodiments, the 
device includes a pneumatic system configured to deliver 
oxygen to the pumping chamber on a time-based control 
scheme. The pneumatic system can be configured to deliver 
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oxygen to the pumping chamber for a first period of time. The 
pneumatic system can be configured to vent oxygen and 
carbon dioxide from the pumping chamber for a second 
period of time subsequent to the first period of time. In 
another example, in Some embodiments, the device includes 
a pneumatic system configured to deliver oxygen to the 
pumping chamber on a pressure-based control scheme. The 
pneumatic system can be configured to deliver oxygen to the 
pumping chamber until a first threshold pressure is reached 
within the pumping chamber. The pneumatic system can be 
configured to vent oxygen and carbon dioxide from the pump 
ing chamber until a second threshold pressure is reached 
within the pumping chamber. In some embodiments, a power 
Source of the device is in use when oxygen is being delivered 
to the pumping chamber and is not in use when oxygen and 
carbon dioxide are being vented from the pumping chamber. 
In this manner, the device is configured to help minimize 
usage of the power Source, and thus the device can prolong the 
period of time an organ is extracorporeally preserved within 
the device before the power source is depleted. Such an 
improvement increases the time available for transporting 
organs from a donor to a recipient. Such an improvement also 
facilitates the long term preservation of the organ, Such as for 
a period of scientific research. 
0040. An apparatus 10 suitable for use with the methods of 
the invention is shown schematically in FIG.1. The apparatus 
10 is configured to oxygenate a perfusate (not shown) 
received in a pumping chamber 14 of the apparatus. The 
apparatus 10 includes a valve 12 configured to permit a fluid 
(e.g., oxygen) to be introduced into a first portion 16 of the 
pumping chamber 14. A membrane 20 is disposed between 
the first portion 16 of the pumping chamber 14 and a second 
portion 18 of the pumping chamber. The membrane 20 is 
configured to permit the flow of a gas between the first portion 
16 of the pumping chamber 14 and the second portion 18 of 
the pumping chamber through the membrane. The membrane 
20 is configured to substantially prevent the flow of a liquid 
between the second portion 18 of the pumping chamber 14 
and the first portion 16 of the pumping chamber through the 
membrane. In this manner, the membrane can be character 
ized as being semi-permeable. 
0041. The membrane 20 is disposed within the pumping 
chamber 14 along an axis A1 that is transverse to a horizontal 
axis A2. Said another way, the membrane 20 is inclined, for 
example, from a first side 22 to a second side 24 of the 
apparatus 10. As such, as described in more detail below, a 
rising fluid in the second portion 18 of the pumping chamber 
14 will be directed by the inclined membrane 20 towards a 
port 38 disposed at the highest portion of the pumping cham 
ber 14. The port 38 is configured to permit the fluid to flow 
from the pumping chamber 14 into the atmosphere external to 
the apparatus 10. In some embodiments, the port 38 is con 
figured for unidirectional flow, and thus is configured to pre 
vent a fluid from being introduced into the pumping chamber 
14 via the port (e.g., from a source external to the apparatus 
10). In some embodiments, the port 38 includes a luer lock. 
0042. The second portion 18 of the pumping chamber 14 is 
configured to receive a fluid. In some embodiments, for 
example, the second portion 18 of the pumping chamber 14 is 
configured to receive a liquid perfusate. The second portion 
18 of the pumping chamber 14 is in fluid communication with 
an adapter 26. The adapter 26 is configured to permit move 
ment of the fluid from the pumping chamber 14 to an organ, 
for example, a heart. In some embodiments, the pumping 
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chamber 14 defines an aperture (not shown) configured to be 
in fluidic communication with a lumen (not shown) of the 
adapter 26. The adapter 26 is configured to be coupled to the 
transplant organ (T). The adapter 26 can be coupled to the 
transplant organ (T) in any suitable manner. For example, in 
Some embodiments, the adapter 26 is configured to be sutured 
to the transplant organ (T). In another example, the adapter 26 
is coupleable to the transplant organ (T) via an intervening 
structure, such as Silastic or other tubing. In some embodi 
ments, at least a portion of the adapter 26, or the intervening 
structure, is configured to be inserted into the transplant organ 
(T). For example, in some embodiments, the lumen of the 
adapter 26 (or alumen of the intervening structure) is config 
ured to be fluidically coupled to a vessel of the transplant 
organ (T). In some embodiments, the vessel of the transplant 
organ (T) may be coupled to the adapter 26 with a clamp, 
Suture, or tie. 
0043. In some embodiments, the adapter 26 is configured 
to Support the transplant organ (T) when the transplant organ 
(T) is coupled to the adapter. For example, in some embodi 
ments, the adapter 26 includes a retention mechanism (not 
shown) configured to be disposed about at least a portion of 
the transplant organ (T) and to help retain the transplant organ 
(T) with respect to the adapter. The retention mechanism can 
be, for example, a net, a cage, a sling, or the like. In some 
embodiments, the apparatus 10 includes a basket (not shown) 
or other Support mechanism configured to Support the trans 
plant organ (T) when the transplant organ (T) is coupled to the 
adapter 26 or otherwise received in the apparatus 10. 
0044 An organ chamber 30 is configured to receive the 
transplant organ (T) and a fluid. In some embodiments, the 
apparatus 10 includes a port 34 that is extended through the 
apparatus 10 (e.g., through the pumping chamber 14) to the 
organ chamber 30. The port 34 is configured to permit fluid 
(e.g., perfusate) to be introduced to the organ chamber 30. In 
this manner, fluid can be introduced into the organ chamber 
30 as desired by an operator of the apparatus. For example, in 
Some embodiments, a desired amount of perfusate is intro 
duced into the organ chamber 30 via the port 34, such as 
before disposing the transplant organ (T) in the organ cham 
ber 30 and/or while the transplant organ (T) is received in the 
organ chamber. In some embodiments, the port 34 is a unidi 
rectional port, and thus is configured to prevent the flow of 
fluid from the organ chamber 30 to an area external to the 
organ chamber through the port. In some embodiments, the 
port 34 includes a luer lock. The organ chamber 30 may be of 
any suitable Volume necessary for receiving the transplant 
organ (T) and a requisite amount of fluid for maintaining 
viability of the transplant organ (T). In one embodiment, for 
example, the volume of the organ chamber 30 is approxi 
mately 2 liters. 
0045. The organ chamber 30 is formed by a canister 32 and 
a bottom portion 19 of the pumping chamber 14. In a similar 
manner as described above with respect to the membrane 20, 
an upper portion of the organ chamber (defined by the bottom 
portion 19 of the pumping chamber 14) can be inclined from 
the first side 22 towards the second side 24 of the apparatus. 
In this manner, as described in more detail below, a rising 
fluid in the organ chamber 30 will be directed by the inclined 
upper portion of the organ chamber towards a valve 36 dis 
posed at a highest portion of the organ chamber. The valve 36 
is configured to permita fluid to flow from the organ chamber 
30 to the pumping chamber 14. The valve 36 is configured to 
prevent flow of a fluid from the pumping chamber 14 to the 
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organ chamber. The valve 36 can be any suitable valve for 
permitting unidirectional flow of the fluid, including, for 
example, a ball check valve. 
0046. The canister 32 can be constructed of any suitable 
material. In some embodiments, the canister 32 is constructed 
of a material that permits an operator of the apparatus 10 to 
view at least one of the transplant organ (T) or the perfusate 
received in the organ chamber 30. For example, in some 
embodiments, the canister 32 is substantially transparent. In 
another example, in Some embodiments, the canister 32 is 
substantially translucent. The organ chamber 30 can be of any 
Suitable shape and/or size. For example, in some embodi 
ments, the organ chamber 30 can have a perimeter that is 
Substantially oblong, oval, round, square, rectangular, cylin 
drical, or another Suitable shape. 
0047. In use, the transplant organ (T) is coupled to the 
adapter 26. The pumping chamber 14 is coupled to the can 
ister 32 such that the transplant organ (T) is received in the 
organ chamber 30. In some embodiments, the pumping 
chamber 14 and the canister 32 are coupled such that the 
organ chamber 30 is hermetically sealed. A desired amount of 
perfusate is introduced into the organ chamber 30 via the port 
34. The organ chamber 30 can be filled with the perfusate 
such that the perfusate volume rises to the highest portion of 
the organ chamber. The organ chamber 30 can be filled with 
an additional amount of perfusate Such that the perfusate 
flows from the organ chamber 30 through the valve 36 into the 
second portion 18 of the pumping chamber 14. The organ 
chamber 30 can continue to be filled with additional perfusate 
until all atmospheric gas that initially filled the second portion 
18 of the pumping chamber 14 rises along the inclined mem 
brane 20 and escapes through the port 38. Because the gas will 
be expelled from the pumping chamber 14 via the port 38 
before any excess perfusate is expelled (due to gas being 
lighter, and thus more easily expelled, than liquid), an opera 
tor of the apparatus 10 can determine that substantially all 
excess gas has been expelled from the pumping chamber 
when excess perfusate is released via the port. As such, the 
apparatus 10 can be characterized as self-purging. When per 
fusate begins to flow out of the port 38, the apparatus 10 is in 
a "purged State (i.e., all atmospheric gas initially within the 
organ chamber 30 and the second portion 18 of the pumping 
chamber 14 has been replaced by perfusate). When the purged 
state is reached, the operator can close both ports 34 and 38. 
preparing the apparatus 10 for operation. 
0048 Oxygen (or another suitable fluid, e.g., gas) is intro 
duced into the first portion 16 of the pumping chamber 14 via 
the valve 12. A positive pressure generated by the introduc 
tion of oxygen into the pumping chamber 14 causes the oxy 
gen to be diffused through the semi-permeable membrane 20 
into the second portion 18 of the pumping chamber. Because 
oxygen is a gas, the oxygen expands to Substantially fill the 
first portion 16 of the pumping chamber 14. As such, Substan 
tially the entire surface area of the membrane 20 between the 
first portion 16 and the second portion 18 of the pumping 
chamber 14 is used to diffuse the oxygen. The oxygen is 
diffused through the membrane 20 into the perfusate received 
in the second portion 18 of the pumping chamber 14, thereby 
oxygenating the perfusate. 
0049. In the presence of the positive pressure, the oxygen 
ated perfusate is moved from the second portion 18 of the 
pumping chamber 14 into the transplant organ (T) via the 
adapter 26. For example, the positive pressure can cause the 
perfusate to move from the pumping chamber 14 through the 



US 2015/0373967 A1 

lumen of the adapter 26 into the vessel of the transplant organ 
(T). The positive pressure is also configured to help move the 
perfusate through the transplant organ (T) Such that the trans 
plant organ (T) is perfused with oxygenated perfusate. 
0050. After the perfusate is perfused through the trans 
plant organ (T), the perfusate is received in the organ chamber 
30. In this manner, the perfusate that has been perfused 
through the transplant organ (T) is combined with perfusate 
previously disposed in the organ chamber 30. In some 
embodiments, the volume of perfusate received from the 
transplant organ (T) following perfusion combined with the 
Volume of perfusate previously disposed in the organ cham 
ber 30 exceeds a Volume (e.g., a maximum fluid capacity) of 
the organ chamber 30. A portion of the organ chamber 30 is 
flexible and expands to accept this excess volume. The valve 
12 can then allow oxygen to vent from the first portion 16 of 
the pumping chamber 14, thus, reducing the pressure in the 
pumping chamber 14. As the pressure in the pumping cham 
ber 14 drops, the flexible portion of the organ chamber 30 
relaxes, and the excess perfusate is moved through the valve 
36 into the pumping chamber 14. The cycle of oxygenating 
perfusate and perfusing the transplant organ (T) with the 
oxygenated perfusate can be repeated as desired. 
0051. Throughout the process, the partial pressure of oxy 
gen in the perfusate may be monitored with oxygen sensors 
40. Oxygen sensors may be optical (e.g., induced fluores 
cence, fluorescence quenching in presence of oxygen, light 
absorbance of oxygen-binding molecule), electrical (e.g., 
Clark-type electrode, lambda sensor), or electromechanical. 
The oxygen sensors 40 are linked to a sensor processor 45 
which may be part of a larger assembly which includes, 
optionally, a display (e.g., digital readout, indicator lights) 
and/or audible alerts (e.g., tones, buZZer, beeper). As shown in 
FIG. 1, two oxygen sensors 40 may be used. The first oxygen 
sensor 40 may be in fluidic communication with the adapter 
26, and used to measure the partial pressure of oxygen in the 
perfusate entering the transplant organ (T). The second oxy 
gen sensor 40 may be influidic communication with the organ 
chamber 30, and used to measure the partial pressure of 
oxygen in the perfusate after it has perfused transplant organ 
(T). The sensor processor may also be linked to a network, 
e.g., the internet, through a wireless connection or by access 
ing a mobile phone network, thereby allowing the device to 
alert a user if the oxygen consumption rate is unstable or 
lower than a value. 

0052 An alternative apparatus 100 suitable for use with 
the methods and systems of the invention is illustrated in 
FIGS. 2-3. The apparatus 100 is configured to oxygenate a 
perfusate and to perfuse a bodily tissue for extracorporeal 
preservation of the bodily tissue. The apparatus 100 includes 
alid assembly 110, a canister 190, and a coupling mechanism 
250. 
0053. The apparatus 100 can provide a time-varying pres 
Sure on the perfusate which is used to perfuse the transplant 
organ, for example a heart, however various other organs 
(kidney, lung, pancreas, liver) could be used. The apparatus 
may provide a time-varying pressure with a cycle of 0.01 Hz 
or greater, e.g., 0.05 Hz or greater, e.g., 0.1 Hz or greater, e.g., 
0.5 Hz or greater, e.g., 1 Hz or greater. The waveform of the 
pressure cycle may be sinusoidal, a square wave, saw-tooth, 
or a combination thereof. The period of the pressure wave 
form may be constant, or the period may vary. In some 
instances, the period of the pressure waveform may vary as a 
function of the temperature of the perfusate. 
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0054 The lid assembly 110 is configured to facilitate 
transportability of the apparatus. The lid assembly 110 
includes a handle 112 and a lid 120. The handle 112 is con 
figured to be grasped, e.g., by a hand of a person transporting 
the apparatus 100. The handle 112 is coupled to the lid 120. 
The handle 112 can be coupled to the lid 120 using any 
Suitable mechanism for coupling. For example, the handle 
112 can be coupled to the lid 120 with at least one screw, an 
adhesive, a hook and loop fastener, mating recesses, or the 
like, or any combination of the foregoing. An upper portion 
122 of the lid 120 defines a chamber 124 configured to receive 
components of a pneumatic system 200 and a control system 
500, each of which is described in more detail below. A 
bottom portion 116 of the handle 112 is configured to sub 
stantially enclose a top of the chamber 124 defined by the lid 
120. 

0055. The lid assembly 110 defines a pumping chamber 
configured to receive a gas, such as oxygen, from the pneu 
matic system 200 (FIG. 4), to facilitate diffusion of the oxy 
gen into a perfusate (not shown) and to facilitate movement of 
the oxygenated perfusate into an organ, e.g., a transplant 
organ, e.g., a heart. Although the apparatus 100 is described 
herein as being configured for use with oxygen, any Suitable 
gas may be used with apparatus 100 instead of or in addition 
to oxygen. A top of the pumping chamber is formed by a 
lower portion 128 of the lid 120. A bottom of the pumping 
chamber is formed by an upper surface 134 of a base 132 of 
the lid assembly 110. 
0056. As illustrated in an exploded perspective view in 
FIG. 3, the lid assembly 110 includes a first gasket 142, a 
membrane 140, and a membrane frame 144. The membrane 
140 is disposed within the pumping chamber. The first gasket 
142 is disposed between the membrane 140 and the lid 120 
Such that the first gasket is engaged with an upper Surface 141 
of the membrane 140 and the lower portion 128 of the lid. The 
first gasket 142 is configured to seal a perimeter of a first 
portion 127 of the pumping chamber formed between the 
lower portion 128 of the lid 120 and the upper surface 141 of 
the membrane 140. In other words, the first gasket 142 is 
configured to Substantially prevent lateral escape of the oxy 
gen from the first portion 127 of the pumping chamber to a 
different portion of the pumping chamber. In the embodiment 
illustrated in FIG. 3, the first gasket 142 has a perimeter 
substantially similar in shape to a perimeter defined by the 
membrane 140 (e.g., when the membrane is disposed on the 
membrane frame 148). In other embodiments, however, a first 
gasket can have another Suitable shape for sealing a first 
portion of a pumping chamber configured to receive oxygen 
from a pneumatic system. 
0057 The first gasket 142 can be constructed of any suit 
able material. In some embodiments, for example, the first 
gasket 142 is constructed of silicone, an elastomer, or the like. 
The first gasket 142 can have any suitable thickness. For 
example, in Some embodiments, the first gasket 142 has a 
thickness within a range of about 0.1 inches to about 0.15 
inches. More specifically, in some embodiments, the first 
gasket 142 has a thickness of about 0.125 inches. The first 
gasket 142 can have any suitable level of compression con 
figured to maintain the seal about the first portion 142 of the 
pumping chamber when the components of the lid assembly 
110 are assembled. For example, in some embodiments, the 
first gasket 142 is configured to be compressed by about 20 
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percent. In some embodiments, the first gasket 142 can pro 
vide a leak-proof seal under operating pressures up to 5 
pounds per square inch (psi). 
0058. The membrane 140 is configured to permit diffusion 
of the gas from the first portion 127 of the pumping chamber 
through the membrane to a second portion 129 of the pump 
ing chamber, and vice versa. The membrane 140 is configured 
to Substantially prevent a liquid (e.g., the perfusate) from 
passing through the membrane. In this manner, the membrane 
140 can be characterized as being semi-permeable. A mem 
brane frame 144 is configured to support the membrane 140 
(e.g., during the oxygenation and perfusing of the bodily 
tissue). The membrane frame 144 can be a substantially ring 
like structure with an opening at its center. At least a portion 
of the membrane 140 is disposed (e.g., wrapped) about at 
least a portion of the membrane frame 144. In some embodi 
ments, the membrane 140 is stretched when it is disposed on 
the membrane frame 144. The membrane 140 is disposed 
about a lower edge of the membrane frame 144 such that the 
membrane 140 is engaged with a series of protrusions con 
figured to help retain the membrane with respect to the mem 
brane frame 144. At least a portion of the series of protrusions 
on the lower edge of the membrane frame 144 are configured 
to be received in a recess 147 defined by the upper surface 134 
of the base 132. As such, the membrane 140 is engaged 
between the membrane frame 144 and the base 132, which 
facilitates retention of the membrane with respect to the mem 
brane frame. In some embodiments, the first gasket 142 also 
helps to maintain the membrane 140 with respect to the mem 
brane frame 144 because the first gasket is compressed 
against the membrane. The membrane 140 is disposed within 
the pumping chamber at an angle with respect to a horizontal 
axis. In this manner, the membrane 140 is configured to 
facilitate the movement of fluid towards a highest portion of 
the pumping chamber, as described in more detail herein. 
0059. The membrane 140 can be of any suitable size. For 
example, in Some embodiments, the upper Surface 141 of the 
membrane 140 can be about 15 to about 20 square inches. 
More specifically, in Some embodiments, the upper Surface 
141 of the membrane 140 can be about 19 square inches. In 
another example, the membrane 140 can have any suitable 
thickness. In some embodiments, for example, the membrane 
140 is about 0.005 inches to about 0.010 inches thick. More 
specifically, in some embodiments, the membrane is about 
0.0075 inches thick. The membrane 140 can be constructed of 
any suitable material. For example, in some embodiments, 
the membrane is constructed of silicone, plastic, or another 
Suitable material. In some embodiments, the membrane is 
flexible. As illustrated in FIG. 3, the membrane 140 can be 
substantially seamless. In this manner, the membrane 140 is 
configured to be more resistant to being torn or otherwise 
damaged in the presence of a flexural stress caused by a 
change pressure in the pumping chamber due to the inflow 
and/or release of oxygen. 
0060. The lid 120 includes a purge port 106 disposed at the 
highest portion of the second portion 129 of the pumping 
chamber, as shown in FIG. 2. In some embodiments, the port 
106 is disposed at the highest portion of the pumping chamber 
as a whole. In other words, the highest portion of the second 
portion 129 of the pumping chamber can be the highest por 
tion of the pumping chamber. The purge port 106 is config 
ured to permit movement of a fluid from the pumping cham 
ber to an area external to the apparatus 100. The purge port 
106 can be similar in many respects to a port described herein 
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(e.g., port 38, described above). The purgeport 106 can be any 
suitable mechanism for permitting movement of the fluid 
from the pumping chamber into the atmosphere external to 
the apparatus 100, including, but not limited to, a luer lock 
fitting. The purge port 106 can include a cap (not shown) 
coupled to the port via a retaining strap. 
0061. In some embodiments, the lid 120 is transparent, 
either in its entirety or in part (e.g. in the vicinity of the purge 
port 106). This permits a user to readily view a fluid therein 
(e.g., any gas bubbles) and to confirm completion of purging 
of excess fluid (e.g., the gas bubbles). 
0062 Referring to FIG. 3, and as noted above, the upper 
surface 134 of the base 132 forms the bottom portion of the 
pumping chamber. The upper surface 134 of the base 132 is 
inclined from a first end 102 of the apparatus 100 to a second 
end 104 of the apparatus. Said another way, the upper surface 
134 lies along a plane having an axis different than the hori 
Zontal axis. Because each of the first gasket 142, the mem 
brane 140, and the membrane frame 144 are disposed on the 
upper surface 134 of the base 132, each of the first gasket, the 
membrane, and the membrane frame are similarly inclined 
from the first end 102 of the apparatus 100 towards the second 
end 104 of the apparatus. In this manner, the base 132 is 
configured to facilitate movement of a fluid towards the high 
est portion of the pumping chamber. The angle of incline of 
these components may be of any suitable value to allow fluid 
(e.g., gas bubbles, excess liquid) to flow towards the purge 
port 106 and exit the pumping chamber. In some embodi 
ments, the angle of incline is approximately in the range of 
1°-10°, in the range of 2-6, in the range of 2.5°-5°, in the 
range of 4'-5') or any angle of incline in the range of 1 (e.g., 
approximately 1, 0, 0, 0, 0, co, 70, 0, 9, 10'). 
0063. As illustrated in FIG. 3, a valve 138 is disposed at 
approximately the highest portion of the lower surface 136 of 
the base 132. The valve 138 is moveable between an open 
configuration and a closed configuration. In its open configu 
ration, the valve 138 is configured to permit movement of a 
fluid from an organ chamber 192, which is defined by the 
canister 190 and a lower surface 136 of the lid assembly 110. 
to the pumping chamber via the valve. Specifically, the valve 
138 is configured to permit fluid to move from the organ 
chamber 192 into the second portion 129 of the pumping 
chamber 114. In this manner, an excess amount offluid within 
the organ chamber 192 can overflow through the valve 138 
and into the pumping chamber. In its closed configuration, the 
valve 138 is configured to substantially prevent movement of 
a fluid from the pumping chamber to the organ chamber 192 
via the valve. The valve 138 is moved from its closed con 
figuration to its open configuration when a pressure in the 
organ chamber 192 is greater than a pressure in the pumping 
chamber. In some embodiments, the valve 138 is moved from 
its open position to its closed position when a pressure in the 
pumping chamber is greater than a pressure in the organ 
chamber 192 (FIG.2). The valve 138 can be biased towards its 
closed configuration. In some embodiments, one or more 
additional valves (not shown) are disposed at other locations 
of the base 132. In some embodiments, an additional valve 
(not shown) is located at approximately the lowest portion of 
the lower Surface 136 of the base 132. 

0064. As illustrated in FIGS. 2 and 3, in some embodi 
ments, the valve 138 is a ball check valve. In its closed 
configuration, a spherical ball of the valve 138 is disposed on 
a seat of the valve. In its open configuration, the ball is lifted 
off of the seat of the valve 138. The ball of the valve 138 has 
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a near neutral buoyancy. As such, the ball of the valve 138 will 
neither sink nor rise merely because it is in the presence of a 
fluid (e.g., the perfusate, oxygen, or another fluid). The ball of 
the valve 138 is configured to rise off of the seat of the valve 
when the pressure in the organ chamber 192 is greater than the 
pressure in the pumping chamber. In some embodiments, a 
protrusion 151 of the lid 120 is extended downwardly over the 
valve 138 to prevent the ball from rising too high above the 
seat such that the ball could be laterally displaced with respect 
to the seat. In some embodiments, the ball of the valve 138 is 
configured to return to the seat of the valve when the pressure 
in the pumping chamber is greater than the pressure in the 
organ chamber. In some embodiments, the ball of the valve 
138 is biased towards the seat of the valve by a spring (not 
shown) extended from the lid 120. The seat of the valve 138 
can be conically tapered to guide the ball into the seat and to 
facilitate formation of a positive seal when stopping flow of 
fluid from the pumping chamber to the organ chamber 192. 
0065. The base 132 is coupled to the lid 120. In some 
embodiments, a rim 139 of the base 132 and a rim 121 of the 
lid 120 are coupled together, e.g., about a perimeter of the 
pumping chamber. The base 132 and the lid 120 can be 
coupled using any suitable mechanism for coupling includ 
ing, but not limited to, a plurality of Screws, an adhesive, a 
glue, a weld, another Suitable coupling mechanism, or any 
combination of the foregoing. A gasket 148 is disposed 
between the base 132 and the lid 120. The gasket 148 is 
configured to seal an engagement of the base 132 and the lid 
120 to substantially prevent fluid in the pumping chamber 
from leaking therebetween. In some embodiments, the gasket 
148 is an O-ring. 
0066. The base 132 defines a lumen 135 configured to be 
in fluid communication with a lumen 174 of an organ adapter 
170, described in more detail below. The base 132 is config 
ured to permit oxygenated perfusate to move from the pump 
ing chamber through its lumen 135 into the lumen 174 of the 
organ adapter 170 towards the organ chamber 192. In this 
manner, the lumen 135 of the base 132 is configured to help 
fluidically couple the pumping chamber and the organ cham 
ber 192. 
0067. The organ adapter 170 is configured to substantially 
retain the bodily tissue with respect to the apparatus 100. The 
organ adapter 170 can be similar in many respects to an 
adapter described herein (e.g., adapter 26, described above, 
and/or adapter 770, described below). The organ adapter 170 
includes a handle portion 178, an upper portion 172, and a 
protrusion 180, and defines the lumen 174 extended there 
through. The upper portion 172 of the organ adapter 170 is 
extended from a first side of the handle portion 178. The 
protrusion 180 of the organ adapter 170 is extended from a 
second side of the handle portion 178 different than the first 
side of the handle portion. At least a portion of the protrusion 
180 is configured to be inserted into the bodily tissue. More 
specifically, at least a portion of the protrusion 180 is config 
ured to be inserted into a vessel (e.g., an artery, a vein, or the 
like) of the bodily tissue. In some embodiments, the protru 
sion 180 is configured to be coupled to the bodily tissue via an 
intervening structure. Such as Silastic or other tubing. 
0068. As illustrated in FIG. 3, at least a portion of the 
protrusion 180 includes a series of tapered steps such that a 
distal end 181 of the protrusion is narrower than a proximal 
end 183 of the protrusion. In this manner, the protrusion 180 
is configured to be inserted into a range of vessel sizes. For 
example, the protrusion 180 can be configured to be received 
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in a bodily vessel, e.g., a heart vessel, shown in FIG. 2, having 
a diameter within the range of about 3 millimeters to about 8 
millimeters. In this manner, the protrusion 180 is configured 
to deliver the fluid (e.g., the oxygenated perfusate) from the 
pumping chamber to the vessel of the bodily tissue via the 
lumen 174 defined by the organ adapter 170. The vessel of the 
bodily tissue can be sutured to the protrusion 180 of the 
adapter 170. As shown in FIG. 2, the perfusate may leave the 
organ via a second vessel and return to the organ chamber 
192. 

0069. While not shown in FIGS. 2 and 3, the apparatus 
may additionally comprise one or more oxygen sensors to 
facilitate measuring oxygen concentrations in the perfusate 
prior to entering the organ and after leaving the organ. For 
example, an oxygen sensor may be placed in fluidic contact 
with the interior of organ adapter 170 such that the oxygen 
level of the perfusate is measured immediately prior to enter 
ing the organ. Additional sensors may be placed in organ 
chamber 192 to measure the oxygen level of the perfusate 
after it leaves the organ. Additional oxygen sensors may be 
placed throughout the lid or container as needed. In some 
instances, each oxygen sensor will be installed in duplicate to 
assure that the apparatus maintains continuous monitoring of 
oxygen levels. Using the measurements from the oxygen 
sensors, it is possible to determine an oxygen consumption 
rate for the organ, as described above. 
0070. In one embodiment, shown in FIG. 3, the organ 
adapter 170 includes a first arm 182 having a first end portion 
185 and a second arm 184 having a second end portion 187. 
The first and second arms 182, 184 are configured to facilitate 
retention of the bodily tissue with respect to the organ adapter 
170. A retention mechanism, (not shown) may configured to 
be attached, coupled, or otherwise disposed about each of the 
first and second arms 182, 184. The retention mechanism can 
be any suitable retention mechanism described above with 
respect to the apparatus 10, including, for example, a net, a 
cage, a sling, or the like. A middle portion of the retention 
mechanism is configured to be disposed about at least a por 
tion of the bodily tissue coupled to the protrusion 180 of the 
adapter 170. End portions of the retention mechanism are 
configured to be disposed about each of the first and second 
arms 182, 184 of the organ adapter 170. The first end portion 
185 of the first arm 182 and the second end portion 187 of the 
second arm 184 are each configured to facilitate retention of 
the end portions of the retention mechanism with respect to 
the first and secondarms, respectively. For example, as shown 
in FIG. 3, each of the first and second end portions 185, 187 
of the first and second arms 182, 184, respectively, defines a 
shoulder portion configured to help prevent the end portions 
of the retention mechanism from being inadvertently 
removed from the first or second arm, respectively. 
(0071. The upper portion 172 of the organ adapter 170 is 
configured to couple the organ adapter to the base 132. The 
upper portion 172 of the organ adapter is configured to be 
received by the lumen 135 defined by the base. The upper 
portion 172 includes a first projection 176 and a second pro 
jection (not shown) spaced apart from the first projection. The 
projections 176 of the organ adapter 170 are configured to be 
received by the lumen 135 of the base 132 in opposing spaces 
between a first protrusion 154 and a second protrusion 156 
disposed within the lumen of the base. Once the upper portion 
172 is received in the lumen 135 of the base 132, the organ 
adapter 170 can be rotated approximately ninety degrees such 
that its first projection 176 and its second projection sit on a 
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shoulder 155, 157 defined by the protrusions 154, 156 of the 
base, respectively. The organ adapter 170 can be rotated in 
either a clockwise or a counterclockwise direction to align its 
projections with the shoulders of the protrusions of the base 
132. Similarly, the organ adapter 170 can be rotated in either 
the clockwise or the counterclockwise direction to unalign its 
projections with the shoulders of the protrusions of the base 
132, such as for decoupling of the adapter from the base. Said 
another way, the organ adapter 170 can be configured to be 
coupled to the base 132 with a bayonet joint. The handle 
portion 178 is configured to facilitate coupling and decou 
pling of the organ adapter 170 and the base 132. For example, 
the handle portion 178 is configured to be grasped by a hand 
of an operator of the apparatus 100. As shown in FIG. 3, the 
handle portion 178 is substantially disc-shaped, and includes 
a series of recesses configured to facilitate grasping the 
handle portion with the operators hand. 
0072 A gasket 188 is disposed about the upper portion 
172 of the organ adapter 170 between the handle portion 178 
of the adapter and the base 132. The gasket 188 is configured 
to substantially prevent a fluid from flowing between the 
pumping chamber and the organ chamber 192 within a chan 
nel formed between an outer surface of the upper portion 172 
of the organ adapter 170 and an inner surface of the lumen 135 
of the base 132. In some embodiments, the gasket 188 is 
compressed between the organ adapter 170 and the base 132 
when the organ adapter is coupled to the base. 
0073. In some embodiments, at least a portion of the lid 
assembly 110 is configured to minimize flexure of the portion 
of the lid assembly, Such as may occur in the presence of a 
positive pressure (or pulse wave) caused by introduction of 
oxygen into the pumping chamber and/or of oxygenated per 
fusate into the organ chamber 192. For example, as illustrated 
in FIG. 3, the upper portion 122 of the lid 120 includes a 
plurality of ribs 126 configured to minimize flexure of the lid 
120 when oxygen is pumped through the pumping chamber. 
In other words, the plurality of ribs 126 structurally reinforces 
the lid 120 to help prevent the lid 120 from flexing. The 
plurality of ribs 126 are extended from a top surface of the lid 
120 in a substantially parallel configuration. In another 
example, the lower portion 128 of the lid 120 can include a 
plurality of ribs (not shown) configured to reinforce the top of 
the pumping chamber to help prevent flexure of the top of the 
pumping chamber during pumping of oxygen through the lid 
assembly 110. In yet another example, the base 132 is con 
figured to Substantially minimize flexure of the base. Such as 
may occur in the presence of a positive pressure caused by the 
introduction of oxygen into the pumping chamber and/or of 
oxygenated perfusate into the organ chamber 192. As illus 
trated in FIG. 3, the base 132 includes a plurality of ribs 131 
extended from its upper surface 134. Each of the plurality of 
ribs 131, 133 is configured to reinforce the base 132, which 
helps to minimize flexure of the base. 
0074 The lid assembly 110 includes a fill port 108 con 
figured to permit introduction of a fluid (e.g., the perfusate) 
into the organ chamber 192 (e.g., when the lid assembly is 
coupled to the canister 190). The fill port 108 can be similar in 
many respects another port described herein (e.g., port 34. 
described above, and/or port 708, described below). In the 
embodiment illustrated in FIG. 2 and FIG.3, the fill port 108 
is formed by a fitting 107 coupled to the lid 120 and that 
defines a lumen 109 in fluidic communication with a lumen 
143 in the first gasket 142, which lumen 143 is in fluidic 
communication with a lumen 137 defined by the base 132, 
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which lumen 137 is in fluidic communication with the organ 
chamber 192. The fitting 107 can be any suitable fitting, 
including, but not limited to, a luer lock fitting. The fill port 
108 can include a cap (not shown) removably coupled to the 
port via a retaining strap. The cap can help preventinadvertent 
movement of fluid, contaminants, or the like through the fill 
port 108. 
(0075. The lid assembly 110 is configured to be coupled to 
the canister 190. The canister 190 can be similar in many 
respects to a canister described herein (e.g., canister 32. 
described above, and/or canister 390, 790, 990, described 
below). The canister includes a wall 191, a floor 193, and a 
compartment 194 defined on its sides by the wall and on its 
bottom by the floor. The compartment 194 can form a sub 
stantial portion of the organ chamber 192. As shown in FIG. 
3, at least a portion of the lid assembly 110 (e.g., the base 132) 
is configured to be received in the compartment 194 of the 
canister 190. A gasket 152 is disposed between the base 132 
and an inner surface of the wall 191 of the canister 190. The 
gasket 152 is configured to seal the opening between the base 
132 and the wall 191 of the canister 190 to substantially 
prevent flow of fluid (e.g., the perfusate) there through. The 
gasket 152 can be any Suitable gasket, including, for example, 
an O-ring. In some embodiments, the canister 190 includes a 
port 196 disposed on the wall 191 of the canister. 
0076. The floor 193 of the canister 190, shown in FIG. 2, is 
configured to flex when a first pressure within the organ 
chamber 192 changes to a second pressure within the organ 
chamber, the second pressure different than the first pressure. 
More specifically, in some embodiments, the floor 193 of the 
canister 190 is configured to flex when a first pressure within 
the organ chamber 192 is increased to a second pressure 
greater than the first pressure. For example, the floor 193 of 
the canister 190 can be configured to flex in the presence of a 
positive pressure (or a pulse wave) generated by the pumping 
of the oxygenated perfusate from the pumping chamber into 
the organ chamber 192, as described in more detail below. In 
some embodiments, the floor 193 of the canister 190 is con 
structed of a flexible membrane. The floor 193 of the canister 
190 can have any suitable thickness. For example, in some 
embodiments, the floor 193 of the canister 190 has a thickness 
of about 0.075 to about 0.085 inches. In some embodiments, 
the floor 193 of the canister 190 is about 0.080 inches thick. 

(0077. The canister 190 can be configured to enable an 
operator of the apparatus 100 to view the bodily tissue when 
the bodily tissue is sealed within the organ chamber 192. In 
Some embodiments, for example, at least a portion of the 
canister 190 (e.g., the wall 191) is constructed of a transparent 
material. In another example, in some embodiments, at least 
a portion of the canister 190 (e.g., the wall 191) is constructed 
of a translucent material. In some embodiments, the canister 
190 includes a window (not shown) through which at least a 
portion of the organ chamber 192 can be viewed. 
0078. As noted above, the apparatus 100 is configured for 
controlled delivery of fluid (e.g., oxygen) from an external 
Source (not shown) into the pumping chamber of the lid 
assembly 110. The external source can be, for example, an 
oxygen cylinder. In some embodiments, e.g. as shown in FIG. 
4, the pneumatic system 200 is configured for controlled 
venting of fluid (e.g., carbon dioxide) from the pumping 
chamber to an area external to the apparatus 100 (e.g., to the 
atmosphere). The pneumatic system 200 is moveable 
between a first configuration in which the pneumatic system 
is delivering fluid to the pumping chamber and a second 
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configuration in which the pneumatic system is venting fluid 
from the pumping chamber. The pneumatic system 200 
includes a supply line 204, a vent line 206, a control line 208, 
a valve 210, a printed circuit board assembly (“PCBA) 214, 
and a power source 218. 
007.9 The supply line 204 is configured to transmit fluid 
from the external source to the valve 210. A first end of the 
supply line 204 external to the lid 120 is configured to be 
coupled to the external source. A second end of the Supply line 
204 is configured to be coupled to the valve 210. Referring to 
FIG. 3, a portion of the supply line 204 between its first end 
and its second end is configured to be extended from an area 
external to the lid 120 through an opening 123 defined by the 
lid into the chamber 124 defined by the lid. In some embodi 
ments, the supply line 204 is configured to transmit fluid to 
the valve 210 at a pressure of about 2 pounds per square inch 
(p.s. i.), plus or minus ten percent. 
0080. The vent line 206 is configured to transmit fluid 
(e.g., oxygen, carbon dioxide) from the valve 210 to an area 
external to the chamber 124 of the lid 120. A first end of the 
vent line 206 is configured to be coupled to the valve 210. In 
some embodiments, the second end of the vent line 206 is a 
free end such that the fluid is released into the atmosphere. A 
portion of the vent line 206 between its first end and its second 
end is configured to be extended from the valve 210 through 
the chamber 124 and the opening 123 defined by the lid 120 
to the area external to the lid. 

0081. As shown in FIG. 4, the control line 208 is config 
ured to transmit fluid between the valve 210 and the pumping 
chamber of the lid assembly 110. A first end of the control line 
208 is coupled to the valve 210. A second end of the control 
line 208 is coupled to the pumping chamber. In some embodi 
ments, the control line 208 is mechanically and fluidically 
coupled to the pumping chamber by an adapter 209. The 
adapter 209 can be any suitable mechanism for coupling the 
control line 208 to the pumping chamber. In some embodi 
ments, for example, the adapter 209 includes a male fitting on 
a first end of the adapter that is configured to be disposed in 
the second end of the control line 208 and threaded portion on 
a second end of the adapter configured to be received in a 
correspondingly threaded opening in the lower portion 128 of 
the lid 120. When the pneumatic system 200 is in its first 
configuration, the control line 208 is configured to transmit 
fluid from the supply line 204 via the valve 210 to the pump 
ing chamber. When the pneumatic system 200 is in its second 
configuration, the control line 208 is configured to transmit 
fluid from the pumping chamber to the vent line 206 via the 
valve 210. Each of the foregoing lines (i.e., supply line 204, 
vent line 206, control line 208) can be constructed of any 
Suitable material including, for example, polyurethane tub 
ing. 
I0082. The valve 210 is configured to control the flow of 
oxygen into and out of the pumping chamber. In the embodi 
ment illustrated in FIG. 4, the valve 210 is in fluidic commu 
nication with each of the supply line 204, the vent line 206, 
and the control line 208 via a first port, a second port, and a 
third port (none of which are shown in FIG. 4), respectively. 
In this manner, the valve 210 is configured to receive the fluid 
from the supply line 204 via the first port. In some embodi 
ments, the first port defines an orifice that is about 0.10 to 
about 0.60 mm in size. In other embodiments, the first port 
defines an orifice that is about 0.15 to about 0.50 mm in size, 
about 0.20 to about 0.40 mm in size, about 0.20 to about 0.30 
mm in size, or about 0.25 to about 0.30 mm in size. Specifi 
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cally, in Some embodiments, the first port defines an orifice 
that is about 0.25 mm in size. The valve 210 is configured to 
deliver the fluid to the vent line 206 via the second port. 
Additionally, the valve 210 is configured to receive the fluid 
from and deliver the fluid to the control line 208 via the third 
port. Specifically, the valve 210 is movable between a first 
configuration and a second configuration. In its first configu 
ration, the valve 210 is configured to permit the flow of fluid 
from the supply line 204 through the valve 210 to the control 
line 208. As such, when the valve 210 is in its first configu 
ration, the pneumatic system 200 is in its first configuration. 
In its second configuration, the valve 210 is configured to 
permit the flow of fluid from the control line 208 through the 
valve to the vent line 206. As such, when the valve 210 is in its 
second configuration, the pneumatic system 200 is in its 
second configuration. 
0083. The valve 210 is in electrical communication with 
the power source 218. In some embodiments, for example, the 
valve 210 is in electrical communication with the power 
source 218 via the PCBA 214. In the embodiment illustrated 
in FIGS. 3 and 4, the PCBA 214 is disposed in the chamber 
124 between the valve 210 and the power source 218. In some 
embodiments, the PCBA 214 includes an electrical circuit 
(not shown) configured to electrically couple the power 
source 218 to the valve 210. The power source 218 is config 
ured to provide power to the valve 210 to enable the valve 210 
to control the flow of oxygen. In some embodiments, the 
power source 218 is configured to provide power to the valve 
210 to enable the valve to move between its first configuration 
and its second configuration. The power Source can be any 
Suitable source of power including, for example, a battery. 
More specifically, in Some embodiments, the power source is 
a lithium battery (e.g., a Li/MnO 2/3 A battery). In another 
example, the power source can be an AA, C or D cell battery. 
I0084. The valve 210 can be any suitable mechanism for 
controlling movement of the fluid between the first port, the 
second port, and the third port (and thus the supply line 204, 
vent line 206, and the control line 208, respectively). For 
example, in the embodiment illustrated in FIG. 4, the valve 
210 is a solenoid valve. As such, in operation, the valve 210 is 
configured to convert an electrical energy received from the 
power source 218 to a mechanical energy for controlling the 
flow of oxygen therein. In some embodiments, for example, 
the valve 210 is configured to move to its first configuration 
when power is received by the valve from the power source 
218. In some embodiments, the valve 210 is configured to 
move to its second configuration when the valve is electrically 
isolated (i.e., no longer receiving power) from the power 
source 218. In other words, the valve 210 is configured to 
deliver fluid (e.g., oxygen) to the pumping chamber when the 
solenoid of the valve is energized by the power source 218, 
and the valve is configured to vent fluid (e.g., oxygen, carbon 
dioxide) from the pumping chamber when the solenoid of the 
valve is not energized by the power source. In some embodi 
ments, the valve 210 is biased towards its second (or venting) 
configuration (in which power is not being provided from the 
power source 218 to the valve). Because the power source 218 
is configured to not be in use when the pneumatic system 200 
is not delivering oxygen to the pumping chamber, the usable 
life of the power source is extended, which enables the organ 
to be extracorporeally preserved within the apparatus 100 for 
a longer period of time. For example, in Some embodiments, 
the solenoid of the valve 210 is configured to receive power 



US 2015/0373967 A1 

from the power source 218 for about 20 percent of the total 
time the apparatus 100, or at least the pneumatic system 200 
of the apparatus, is in use. 
0085. In some embodiments, the flow of fluid from the 
supply line 204 to the valve 210 is substantially prevented 
when the valve is in its second configuration. In this manner, 
the flow of oxygen into the valve 210 from the supply line 204 
is stopped while the valve is venting fluid from the pumping 
chamber. As such, the overall oxygen use of the apparatus 100 
is reduced. In other embodiments, when the valve 210 is in its 
second configuration, the fluid being transmitted into the 
valve from the supply line 204 is transmitted through the 
valve to the vent line 206 without entering the pumping cham 
ber. In this manner, the inflow of fluid from the supply line 
204 to the valve 210 is substantially continuous. Accordingly, 
the flow of fluid from the valve 210 to the vent line 206 is also 
substantially continuous because the valve 210 is substan 
tially continuously venting fluid from at least one of the 
supply line 204 and/or the control line 208. 
I0086 Referring to a schematic illustration of the pneu 
matic system and pumping chamber in FIG. 5, the pneumatic 
system 200 is configured to control a change in pressure 
within the pumping chamber of the lid assembly 110. In some 
embodiments, the pneumatic system 200 is configured to 
control the pressure within the pumping chamber via the 
control line 208. More specifically, the rate of flow of fluid 
between the valve 210 and the pumping chamber via the 
control line 208 is determined by a control orifice 207 dis 
posed within the control line. The control orifice 207 can be, 
for example, a needle valve disposed within the control line 
208. In some embodiments, the control orifice is about 0.10 to 
about 0.60 mm in size. In other embodiments, the first port 
defines an orifice that is about 0.15 to about 0.50 mm in size, 
about 0.20 to about 0.40 mm in size, about 0.20 to about 0.30 
mm in size, or about 0.25 to about 0.30 mm in size. For 
example, in some embodiments, the control orifice 207 is 
about 0.25 mm in size. Because the rate of a change (e.g., rise, 
fall) in pressure within the pumping chamber is based on the 
rate of flow of the fluid between the valve 210 and the pump 
ing chamber via the control line 208, the pressure within the 
pumping chamber is also determined by the size of the control 
orifice 207 in the control line 208. 

0087. The pneumatic system 200 can be configured to 
move between its first configuration and its second configu 
ration based on a predetermined control scheme. In some 
embodiments, the pneumatic system 200 is configured to 
move between its first configuration and its second configu 
ration on a time-based control scheme. In some embodi 
ments, the pneumatic system 200 is configured to move from 
its first configuration to its second configuration after a first 
period of time has elapsed. For example, the pneumatic sys 
tem 200 can be configured to move from its first configuration 
to its second configuration after about 170 milliseconds. As 
such, the pneumatic system 200 is configured to deliver fluid 
(e.g., oxygen) to the pumping chamber for the first time 
period (e.g., about 170 milliseconds). The pneumatic system 
200 is configured to move from its second configuration to its 
first configuration after a second period of time has elapsed. 
For example, the pneumatic system 200 can be configured to 
move from its second configuration to its first configuration 
after being in its second configuration for about 700 millisec 
onds. As such, the pneumatic system 200 is configured to vent 
fluid (e.g. carbon dioxide) from the pumping chamber for the 
second time period (e.g., about 700 milliseconds). The pneu 
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matic system 200 is configured to alternate between its first 
configuration and its second configuration, and thus between 
delivering fluid into the pumping chamber and venting fluid 
from the pumping chamber. 
I0088 Although the pneumatic system 200 has been illus 
trated and described above as having a time-based control 
scheme, in some embodiments, the pneumatic system 200 is 
configured to move between its first configuration and its 
second configuration on a pressure-based control Scheme. In 
Some embodiments, the pneumatic system 200 is configured 
to move from its first configuration to its second configuration 
when a pressure within the pumping chamber reaches a first 
threshold pressure. For example, the pneumatic system 200 
can be configured to move from its first configuration to its 
second configuration when the pressure within the pumping 
chamber is about 20 mmHg (millimeters of mercury), about 
25 mmHg, about 30 mmHg, about 35 mmHg, about 40 
mmHg, about 45 mmHg or about 50 mmHg. The pneumatic 
system 200 can be configured to move from its second con 
figuration to its first configuration when a pressure within the 
pumping chamber reaches a second threshold pressure. For 
example, the pneumatic system 200 can be configured to 
move from its second configuration to its first configuration 
when the pressure within the pumping chamber is about 0 
mmHg, about 5 mmHg, about 10 mmHg or about 15 mmHg. 
Said another way, when the pressure within the pumping 
chamber is increased from the second threshold pressure to 
the first threshold pressure, the valve 210 is switched from 
delivering fluid to the pumping chamber to venting fluid from 
the pumping chamber. Similarly, when the pressure within 
the pumping chamber is decreased from the first threshold 
pressure to the second threshold pressure, the valve 210 is 
Switched from venting fluid from the pumping chamber to 
delivering fluid to the pumping chamber. 
I0089. Because the pneumatic system 200 is configured to 
alternate between its first configuration and its second con 
figuration, the pneumatic system 200 can be characterized as 
being configured to deliver oxygen to the pumping chamber 
via a series of intermittent pulses. In some embodiments, 
however, the pneumatic system 200 is configured to deliver 
oxygen to the pumping chamber in a Substantially constant 
flow. In still another example, the pneumatic system 200 can 
be configured to selectively deliver oxygen in each of a Sub 
stantially constant flow and a series of intermittent pulses. In 
Some embodiments, the pneumatic system 200 is configured 
to control the flow of fluid within the pumping chamber, 
including the delivery of oxygen to the pumping chamber, in 
any combination of the foregoing control schemes, as desired 
by an operator of the apparatus 100. 
0090 Although the pneumatic system 200 has been illus 
trated and described herein as controlling the change in pres 
Sure within the pumping chamber via a control orifice dis 
posed in the control line 208, in other embodiments, a 
pneumatic system is configured to control the pressure within 
the pumping chamber via at least one control orifice disposed 
within at least one of the supply line and the vent line. As 
shown in FIG. 6, in some embodiments of a pneumatic system 
220, a larger control orifice 223 is disposed within the supply 
line 222. In this manner, the pneumatic system 220 can permit 
a larger and/or quickerinflow of fluid from the supply line 222 
to the pumping chamber, and thus can cause a quick pressure 
rise within the pumping chamber 228. In another example, in 
some embodiments, a smaller control orifice 225 is disposed 
within the vent line 224. In this manner, the pneumatic system 
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220 can restrict the flow of fluid venting through the vent line 
224 from the pumping chamber 228, and thus can cause a 
slower or more gradual decline in pressure within the pump 
ing chamber. As compared to pneumatic system 200, pneu 
matic system 220 can permit a shorter time period when the 
valve 210 is energized, thereby allowing power source 218 to 
operate the apparatus for a longer period. 
0091. In use, the bodily tissue is coupled to the organ 
adapter 170. The lid assembly 110 is disposed on the canister 
190 such that the bodily tissue is received in the organ cham 
ber 192. The lid assembly 110 is coupled to the canister 190. 
Optionally, the lid assembly 110 and the canister 190 are 
coupled via the clamp 250. A desired amount of perfusate is 
delivered to the organ chamber 192 via the fill port 108. 
Optionally, a desired amount of perfusate can be disposed 
within the compartment 194 of the canister 190 prior to dis 
posing the lid assembly 110 on the canister. In some embodi 
ments, a Volume of perfusate greater than a Volume of the 
organ chamber 192 is delivered to the organ chamber such 
that the perfusate will move through the ball check valve 138 
into the second portion 129 of the pumping chamber. 
0092. A desired control scheme of the pneumatic system 
200 is selected. Oxygen is introduced into the first portion 127 
of the pumping chamber via the pneumatic system 200 based 
on the selected control scheme. The pneumatic system 200 is 
configured to generate a positive pressure by the introduction 
of oxygen into the first portion 127 of the pumping chamber. 
The positive pressure helps to facilitate diffusion of the oxy 
gen through the membrane 140. The oxygen is diffused 
through the membrane 140 into the perfusate disposed in the 
second portion 129 of the pumping chamber, thereby oxygen 
ating the perfusate. Because the oxygen will expand to fill the 
first portion 127 of the pumping chamber, substantially all of 
an upper surface 141 of the membrane 140 which faces the 
first portion of the pumping chamber can be used to diffuse 
the oxygen from the first portion into the second portion 129 
of the pumping chamber. 
0093. As the organ uses the oxygen, the organ will release 
carbon dioxide into the perfusate. In some embodiments, the 
carbon dioxide is displaced from the perfusate, such as when 
the pneumatic system 200 the oxygen is diffused into the 
perfusate because of the positive pressure generated by the 
pneumatic system. Such carbon dioxide can be diffused from 
the second portion 129 of the pumping chamber into the first 
portion 127 of the pumping chamber. Carbon dioxide within 
the first portion 127 of the pumping chamber is vented via the 
control line 208 to the valve 210, and from the valve through 
the vent line 206 to the atmosphere external to the apparatus 
1OO. 

0094. The positive pressure also causes the membrane 140 
to flex, which transfers the positive pressure in the form of a 
pulse wave into the oxygenated perfusate. The pulse wave 
generated by the pumping chamber is configured to facilitate 
movement of the oxygenated perfusate from the second por 
tion 129 of the pumping chamber into the bodily tissue via the 
organ adapter 170, thus perfusing the bodily tissue. In some 
embodiments, the pumping chamber is configured to gener 
ate a pulse wave that is an about 60Hz pulse. In some embodi 
ments, the pumping chamber is configured to generate a pulse 
wave through the perfusate that is configured to cause a dif 
ferential pressure within the organ chamber 192 to be within 
the range of about 0 mmHg to about 50.0 mmHg. More 
specifically, in some embodiments, the pumping chamber is 
configured to generate a pulse wave through the perfusate that 
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is configured to cause a differential pressure within the organ 
chamber 192 to be within the range of about 5 mmHg to about 
30.0 mmHg. In some embodiments, the pumping chamber is 
configured such that the mobile perfusion device varies a 
pressure on the perfusate, e.g., an oxygenated Solution, at 
least once per minute. 
0.095 At least a portion of the perfusate perfused through 
the organ is received in the organ chamber 192. In some 
embodiments, the pulse wave is configured to flow through 
the perfusate disposed in the organ chamber 192 towards the 
floor 193 of the canister 190. The floor 193 of the canister 190 
is configured to flex when engaged by the pulse wave. The 
floor 193 of the canister 190 is configured to return the pulse 
wave through the perfusate towards the top of the organ 
chamber 192 as the floor 193 of the canister 190 is returned 
towards its original non-flexed position. In some embodi 
ments, the returned pulse wave is configured to generate a 
sufficient pressure to open the ball check valve 138 disposed 
at the highest position in the organ chamber 192. In this 
manner, the returned pulse wave helps to move the valve 138 
to its open configuration Such that excess fluid (e.g., carbon 
dioxide released from the bodily tissue and/or the perfusate) 
can move through the valve from the organ chamber 192 to 
the pumping chamber. 
0096. The foregoing perfusion cycle can be repeated as 
desired. For example, in some embodiments, the pneumatic 
system 200 is configured to begin a perfusion cycle approxi 
mately every second based on a time-based control scheme. 
As such, the pneumatic system 200 is configured to power on 
to deliver oxygen to the pumping chamber for several milli 
seconds. The pneumatic system 200 can be configured to 
power off for several milliseconds, for example, until time has 
arrived to deliver a Subsequent pulse of oxygen to the pump 
ing chamber. Because the pneumatic system 200, and the 
solenoid valve 210 specifically, is only powered on when 
needed to transmit a pulse of oxygen to the pumping chamber, 
the usable life of the power source 218 can be extended for a 
longer period of time. 
(0097. Referring to FIG. 7, the control system 500 includes 
a processor 502, an organ chamber pressure sensor 506, a 
pumping chamber pressure sensor 510, a solenoid 514, a 
display unit 518, and a power source 520. In some embodi 
ments, the control system 500 includes additional compo 
nents, such as, for example, components configured for wired 
or wireless network connectivity (not shown) for the proces 
SOr 502. 

(0098. The control system 500 is described herein with 
reference to the apparatus 100, however, the control system is 
suitable for use with other embodiments described herein 
(e.g., apparatus 10 or 700). The pumping chamber pressure 
sensor 510 is configured to detect the oxygen pressure in the 
pumping chamber 125. Because the pumping chamber 125 is 
split into the first and second portions 127, 129, respectively, 
by the semi-permeable membrane 140, which is configured to 
undergo relatively small deflections, the oxygen pressure in 
the first portion 127 of the pumping chamber 125 is approxi 
mately equal to the fluid (e.g., perfusate) pressure in the 
second portion 129 of the pumping chamber 125. Therefore, 
measuring the fluid pressure in either the first portion 127 or 
the second portion 129 of the pumping chamber 125 approxi 
mates the fluid pressure in the other of the first portion or the 
second portion of the pumping chamber 125. 
0099. The organ chamber pressure sensor 506 is config 
ured to detect the fluid pressure in the canister 190. Each 
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pressure sensor 506, 510 can be configured to detect the fluid 
pressure in real-time and permit instantaneous determination 
of small pressure changes. Examples of pressure sensors that 
can be used include, but are not limited to, analog pressure 
sensors available from Freescale (e.g., MPXV5010GP-NDD) 
and from Honeywell (e.g., HSCMRNNOO1 PGAA5). At 
least one of the pressure sensors 506, 510 can be configured to 
measure pressures between 0-1.0 psig with a 5 volt power 
Supply. In some embodiments, at least one of the pressure 
sensors 506, 510 can be configured to detect pressure varia 
tions as small as 0.06 mmHg. The sensors 506, 510 can be 
placed in the chamber 324 at the same height to avoid pressure 
head measurement errors. 

0100. The solenoid 514 is disposed in the chamber 124. 
The solenoid 514 is configured to control the opening and/or 
closing of one or more valves (not shown in FIG. 17) for gas 
flow to and from the pumping chamber 125. The solenoid514 
is operably connected to the power source 520 for optimal 
power management. 
0101 The display unit 518 is configured to display one or 
more parameters. Display parameters of the display unit 518 
can include, for example, elapsed time of operation, operating 
temperature, organ flow rate, and/or organ resistance, which 
are key metrics for determining the overall health of the organ 
being transported by the apparatus 100. Calculation of the 
organ flow rate and the organ resistance parameters are 
described in more detail below. The processor 502 is config 
ured to receive information associated with the oxygen pres 
sure in the pumping chamber 125 and in the canister 190 via 
the sensors 510, 506, respectively. The processor 502 is con 
figured to control operation of the solenoid514, to control the 
supply of power from the power source 520 to the solenoid 
514, and to display operating parameters on the display unit 
518. In some embodiments, the processor 502 additionally 
receives information from the OCR Processor 680 (shown in 
FIG.9) which communicates a measurement of the oxygen 
consumption rate of the organ. In these embodiments, the 
processor 502 may instruct solenoid 514 to open for longer to 
allow greater partial pressure of oxygen or increase the flow 
rate (discussed below). 
0102 The processor 502 is configured to calculate the 
organ flow rate and the organ resistance, as illustrated in FIG. 
8. Organ flow rate is a measure of the organ's compliance to 
fluid flow therethrough (e.g. blood flow), and can be a signifi 
cant indicator of organ viability. Organ resistance, on the 
other hand, is a measure of the organ's resistance to fluid flow 
therethrough, and is theoretically a function of the pressure 
drop across the organ. In some embodiments, the processor 
502 is configured to evaluate Such parameters (i.e., organ flow 
rate and/or organ resistance) continually and in real time. In 
some embodiments, the processor 502 is configured to peri 
odically evaluate such parameters at predetermined time 
intervals. 

(0103 Referring to FIG. 8, a flow chart of a method 600 for 
evaluating a parameter, such as organ flow rate and/or organ 
resistance, according to an embodiment is illustrated. The 
method 600 is described herein with respect to apparatus 100 
and control unit 500, however, can be performed by another 
apparatus described herein. At 602, the number of beats/ 
minute (bpm) is determined. As used herein, “beat” refers to 
a pressure increase caused by a first volume of fluid (e.g., 
oxygen from pneumatic system 200) being introduced (e.g., 
intermittently) into the pumping chamber 125, which in turn 
causes a pressure wave that in turn causes a second Volume of 

Dec. 31, 2015 

fluid (e.g., oxygenated perfusate) to be pumped or otherwise 
transferred from the pumping chamber 125 towards the can 
ister 190 and/oran organ contained in the canister 190. Deter 
mination of the bpm can be based on the frequency with 
which the solenoid 514 (under the control of processor 502) 
permits gas exchange via the control orifice. 
0104 Because the canister 190 is compliant (i.e., it has a 
flexible floor 193), the canister flexes with each “beat” and 
then returns to its starting position. As the canister 190 floor 
flexes, the canister accepts the second volume of fluid from 
the pumping chamber 125, via flow through the organ (e.g., 
through vasculature of the organ, which can be coupled to an 
organ adapter in fluid communication with the pumping 
chamber 125). The canister 190 floor 193 flexing and relaxing 
process can be repeated for each beat. 
0105. As the second volume of fluid enters the canister 
190, pressure in the canister 190 (or more specifically, an 
organ chamber 192, illustrated in FIG. 2, defined by the 
canister 190 and the lid assembly 110) rises and causes the 
canister 190 floor 193 to flex. This rise is pressure is measured 
by the organ chamber pressure sensor 506. At 604A, the rise 
in organ chamber pressure is calculated as a difference 
between the highest organ chamber pressure and lowest organ 
chamber pressure for each beat. In some embodiments, the 
organ chamber pressure is sampled at a rate significantly 
higher than the number of beats/minute (e.g. at 1 kHz for 60 
bpm), Such that multiple organ chamber pressure measure 
ments are taken prior to performing the calculation of organ 
chamber pressure rise at 604A. For example, in some embodi 
ments, the organ chamber pressure is sampled at 610 HZ (i.e., 
610 samples per second). 
01.06 As described above, the floor 193 of the canister 190 

is a thin plate configured to undergo Small deformations. Such 
that its deflection due to pressure/volume changes is linear 
and is a measure of the Volumetric compliance (defined as 
Volume displaced per unit pressure change) of the canister. In 
one embodiment, volumetric compliance of the canister 190 
is known and preprogrammed into the processor 502. In 
another embodiment, the processor 502 is configured to cal 
culate volumetric compliance in real-time. At 606, the volu 
metric change is calculated by multiplying the calculated rise 
in canister pressure with the knownfestimated Volumetric 
compliance of the canister 190. 
0107 At 608, the organ flow rate is calculated by dividing 
the calculated change involume by the beat period (i.e., a time 
interval between consecutive beats, measured in units of 
time). An average of several consecutive values of organ flow 
rate or other calculated values can be displayed to minimize 
beat variations. For example, a moving average value can be 
displayed. 
0108. At 610, the organ resistance is calculated. Organ 
resistance is expressed in units of pressure over organ flow 
rate, for example, mmHg/(mL/min) Organ flow rate is calcu 
lated as described above. The organ resistance is calculated 
by the processor 502 based upon the calculated canister pres 
Sure rise, calculated at 604A, and a measured chamber pres 
sure, at 604B. The calculated canister pressure rise and mea 
Sured chamber pressure can be based on Substantially 
simultaneous and relatively high rate sampling of the pressure 
on each side of the organ (i.e. at both the organ chamber 
sensor 506 and the pumping chamber sensor 510). In some 
embodiments, the sampling rate is significantly higher than 
the number of beats per minute. For example, the pressures at 
the sensors 506, 510 can be sampled 1,000 times per second 
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(1 kHz). At the start of the beat, the pressure on each side of 
the organ is approximately the same. Thus, the pressure drop 
across the organis Zero. As the oxygen pressure in the pump 
ing chamber 125 rises, the pressure in the canister 190 rises at 
a slower rate. As the fluid Subsequently returns to the pumping 
chamber 125 from the canister 190, the two pressures drop to 
equilibrium. Thus, the pressure across the organ varies 
throughout each beat. For improved accuracy, pressure can be 
measured at a high rate and accumulated for each beat period. 
For example, the total pressure impulse for each beat can be 
integrated step-wise. In this manner, organ resistance is cal 
culated at 610 Hz. Further averaging or other statistical analy 
sis can be performed by the processor 502 to reduce error. Due 
to the low operating pressures of the apparatus, an organ's 
resistance to flow can be approximated by laminar flow, Such 
that instantaneous flow rate is proportional to the instanta 
neous pressure drop. Calculations can be performed in real 
time using direct pressure measurements. 
0109. A flow chart 650 describing the calculation of the 
oxygen consumption rate (OCR) and communication thereof 
to other systems of the apparatus is shown in FIG. 9. In the 
embodiment shown in FIG. 9, only two oxygen sensors are 
used, the first in communication with the perfusion Solution 
(672) prior to entering the organ, e.g., in the pump chamber, 
and the second in communication with the chamber Solution 
(677) after leaving the organ, e.g., in the organ chamber. The 
oxygen sensors 672 and 677 send their measurements to the 
OCR Processor 680, where an oxygen consumption rate is 
calculated using the methods discussed above, for example, 
based upon the measured organ flow rate 608 and the tem 
perature of the perfusate measured by the thermometer 665. 
Additionally, because the apparatus may be used for multiple 
organs, it may be necessary to input organ parameters 660 
which may include ranges of acceptable OCR values for an 
organ type or an organ of a given mass. The Solubility con 
stant for the perfusate may also be entered as needed to 
correspond to the perfusate used, for example, preservation 
solution. The calculated OCR value may be displayed via the 
indicator 690 or the OCR value can be compared to a range of 
“normal’ OCR values and an alert (e.g., light or sound) gen 
erated when the calculated OCR is outside of the normal 
range. 

0110. In some embodiments, the OCR value may be com 
municated to the control system 500 in a feedback loop, 
allowing the apparatus to modify the temperature, pressure, 
flow rate, pressure cycle, or oxygenation based upon the OCR 
value. For example, in the event that the OCR had decreased 
to an amount outside of the “normal range, the processor 502 
may command that perfusate pressure is increased to encour 
age the organ to consume more oxygen. Alternatively, the 
processor 502 may allow the perfusate to warm, thereby 
increasing the respiration rate of the organ. 
0111. Another apparatus 700 suitable for use with the 
invention is illustrated in FIGS. 10-14. The apparatus 700 is 
configured to oxygenate a perfusate and to perfuse an organ 
for extracorporeal preservation of the organ. Unless stated 
otherwise, the apparatus 700 can be similar in many respects 
(e.g., form and/or function) to the other apparatus described 
herein (e.g., apparatus 10 or 100), and can include compo 
nents similar in many respects (e.g., form and/or function) to 
components of the apparatus described herein. The apparatus 
700 includes a lid assembly 710, a canister 790, and a cou 
pling mechanism 850. 

Dec. 31, 2015 

(O112 The lid assembly 710 defines a chamber 724 con 
figured to receive components of a pneumatic system (not 
shown), such as the pneumatic system 200 described above, 
and/or a control system (not shown), such as the control 
system 500 described above. In some embodiments, the 
chamber 724 is formed by a lid 720 of the lid assembly 710. 
In some embodiments, the chamber 724 can be formed 
between a lower portion 723 of the lid 720 and an upper 
portion 722 of the lid. 
0113. As shown in FIGS. 10 and 11, the lid assembly 710 
defines a pumping chamber 725 configured to receive oxygen 
(e.g., from the pneumatic system), to facilitate diffusion of the 
oxygen into a perfusate (not shown) and to facilitate move 
ment of the oxygenated perfusate into an organ, e.g., a heart. 
A top of the pumping chamber 725 is formed by a lower 
portion 728 of a membrane frame 744 of the lid assembly 710. 
A bottom of the pumping chamber 725 is formed by an upper 
surface 734 of a base 732 of the lid assembly 710. 
0114. As illustrated in FIG. 11, the lid assembly 710 
includes a first gasket 742, a membrane 740, and the mem 
brane frame 744. The membrane 740 is disposed within the 
pumping chamber 725 and divides the pumping chamber 725 
into a first portion 727 and a second portion 729 different than 
the first portion. The first gasket 742 is disposed between the 
membrane 740 and the membrane frame 744 such that the 
first gasket is engaged with an upper Surface 741 of the 
membrane 740 and a lower, perimeter portion of the mem 
brane frame 744. The first gasket 742 is configured to seal a 
perimeter of the first portion 727 of the pumping chamber 725 
twinned between the lower portion 728 of the membrane 
frame 744 and the upper surface 741 of the membrane 740. In 
other words, the first gasket 742 is configured to substantially 
prevent lateral escape of oxygen from the first portion 727 of 
the pumping chamber 725 to a different portion of the pump 
ing chamber. In the embodiment illustrated in FIG. 11, the 
first gasket 742 has a perimeter Substantially similar in shape 
to a perimeter defined by the membrane 740 (e.g., when the 
membrane is disposed on the membrane frame 744). In other 
embodiments, however, a first gasket can have another Suit 
able shape for sealing a first portion of a pumping chamber 
configured to receive oxygen from a pneumatic system. 
0115 The first gasket 742 can be constructed of any suit 
able material. In some embodiments, for example, the first 
gasket 742 is constructed of silicone, an elastomer, or the like. 
The first gasket 742 can have any suitable thickness. For 
example, in Some embodiments, the first gasket 742 has a 
thickness within a range of about 0.1 inches to about 0.15 
inches. More specifically, in some embodiments, the first 
gasket 742 has a thickness of about 0.139 inches. The first 
gasket 742 can have any suitable level of compression con 
figured to maintain the seal about the first portion 727 of the 
pumping chamber 725 when the components of the lid assem 
bly 710 are assembled. For example, in some embodiments, 
the first gasket 742 is configured to be compressed by about 
20 percent. 
0116. The membrane 740 is configured to permit diffusion 
of gas (e.g., oxygen) from the first portion 727 of the pumping 
chamber 725 through the membrane to the second portion 
729 of the pumping chamber, and vice versa. The membrane 
740 is configured to Substantially prevent a liquid (e.g., the 
perfusate) from passing through the membrane. In this man 
ner, the membrane 740 can be characterized as being semi 
permeable. The membrane frame 744 is configured to support 
the membrane 740 (e.g., during the oxygenation of the per 
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fusate and perfusion of the bodily tissue). The membrane 
frame 744 can have a substantially round or circular shaped 
perimeter. 
0117. As illustrated in FIG. 11, the membrane 740 is dis 
posed within the pumping chamber 725 at an angle with 
respect to a horizontal axis A4. In this manner, the membrane 
740 is configured to facilitate movement of fluid towards a 
purge port 706 in fluid communication with the pumping 
chamber 725, as described in more detail herein. The angle of 
incline of the membrane 740 can be of any suitable value to 
allow fluid (e.g., gas bubbles, excess liquid) to flow towards 
the purge port 706 and exit the pumping chamber 725. In 
Some embodiments, the angle of incline is approximately in 
the range of 1-10, in the range of 2-6°, in the range of 
2.5°-5°, in the range of 4-5 or any angle of incline in the 
range of 1°-10° (e.g., approximately 1, 2, 3, 4, 5, 6°, 7. 
8°, 9°, 10°). More specifically, in some embodiments, the 
angle of incline is approximately 5'. 
0118. The membrane 740 can be of any suitable size and/ 
or thickness, including, for example, a size and/or thickness 
described with respect to another membrane herein (e.g., 
membrane 40 or 140). The membrane 740 can be constructed 
of any Suitable material. For example, in Some embodiments, 
the membrane is constructed of silicone, plastic, or another 
Suitable material. In some embodiments, the membrane is 
flexible. In this manner, the membrane 740 is configured to be 
more resistant to being torn or otherwise damaged in the 
presence of a flexural stress caused by a change in pressure in 
the pumping chamber due to the inflow and/or release of 
oxygen or another gas. 
0119 Referring to FIG. 11, the lid 720 includes the purge 
port 706 disposed at the highest portion of the pumping cham 
ber 725 (e.g., at the highest portion or point of the second 
portion 729 of the pumping chamber 725). The purge port 706 
is configured to permit movement of fluid from the pumping 
chamber 725 to an area external to the apparatus 700. The 
purge port 706 can be similar in many respects to a purge port 
described herein (e.g., port 78, purge ports 106,306). 
0120. As noted above, the upper surface 734 of the base 
732 forms the bottom portion of the pumping chamber 725. A 
lower surface 736 of the base 732 forms an upper portion of an 
organ chamber 792. The organ chamber 792 is formed by the 
canister 790 and the lower Surface 736 of the base 732 when 
the lidassembly 710 is coupled to the canister 790. A well 758 
is extended from the lower surface 736 of the base 732 (e.g., 
into the organ chamber 792). The well 758 is configured to 
contain a sensor (not shown) configured to detect the tem 
perature within the organ chamber 792. The well 758 can be 
configured to substantially fluidically isolate the sensor from 
the organ chamber 792, thereby preventing liquid (e.g., per 
fusate) from the organ chamber from engaging the sensor 
directly. In some embodiments, the sensor contained in the 
well 758 can be in electrical communication with a control 
unit (such as control unit 500, described in detail above). 
0121. The base 732 is coupled to the lid 720. In some 
embodiments, the base 732 and the lower portion 723 of the 
lid 720 are coupled together, e.g., about a perimeter of the 
pumping chamber 725. The base 732 and the lid 720 can be 
coupled using any suitable mechanism for coupling includ 
ing, but not limited to, a plurality of Screws, an adhesive, a 
glue, a weld, another Suitable coupling mechanism, or any 
combination of the foregoing. A gasket 748 is disposed 
between the base 732 and the lid 720. The gasket 748 is 
configured to seal an engagement of the base 732 and the lid 
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720 to substantially prevent fluid in the pumping chamber 725 
from leaking therebetween. In some embodiments, the gasket 
748 is an O-ring. The gasket 748 can be similar in many 
respects to a gasket described herein (e.g., gasket 148, 742). 
I0122) The base 732 defines a lumen 735 configured to be 
in fluid communication with a lumen 774 of an organ adapter 
770. The base 732 is configured to permit oxygenated perfu 
sate to move from the pumping chamber 725 through its 
lumen 735 into the lumen 774 of the organ adapter 770 
towards the organ chamber 792. In this manner, the lumen 
735 of the base 732 is configured to help fluidically couple the 
pumping chamber 725 and the organ chamber 792. As shown 
in FIG. 11, the path of the perfusate may be through the organ. 
The organ adapter 770 is configured to substantially retain the 
bodily tissue with respect to the apparatus 700. The organ 
adapter 770 can be similar in many respects to an adapter 
described herein (e.g., adapter 26, organ adapter 170). 
(0123 Referring to FIG. 11, the lid assembly 710 includes 
a fill port 708 configured to permit introduction of a fluid 
(e.g., the perfusate) into the organ chamber 792 (e.g., when 
the lid assembly 710 is coupled to the canister 790). The fill 
port 708 can be similar in many respects to a port described 
herein (e.g., port 74, fill port 108). In the embodiment illus 
trated in FIG. 11, the fill port 708 includes a fitting 707 
coupled to the lid 720 and defines a lumen 709 in fluidic 
communication with a lumen 737 defined by the base 732, 
which lumen 737 is in fluidic communication with the organ 
chamber 792. The fitting 707 can be any suitable fitting, 
including, but not limited to, a luer lock fitting. The fill port 
708 can include a cap 705 removeably coupled to the port. 
The cap 705 can help prevent inadvertent movement of fluid, 
contaminants, or the like through the fill port 708. 
0.124. The lid assembly 710 is configured to be coupled to 
the canister 790. The lid assembly 710 includes handles 712, 
713. The handles 712, 713 (FIG. 10) are each configured to 
facilitate coupling the lid assembly 710 to the canister 790, as 
described in more detail herein. Said another way, the handles 
712, 713 are configured to move between a closed configu 
ration in which the handles prevent the lid assembly 710 
being uncoupled or otherwise removed from the canister 790, 
and an open configuration in which the handles do not prevent 
the lid assembly 710 from being uncoupled or otherwise 
removed from the canister. The handles 712, 713 are move 
ably coupled to the lid 720. Each handle 712, 713 can be 
pivotally coupled to opposing sides of the coupling mecha 
nism 850 (described in more detail herein) disposed about the 
lid 720. For example, each handle 712,713 can be coupled to 
the coupling mechanism 850 via an axle (not shown). 
0.125. The canister 790 can be configured to enable an 
operator of the apparatus 700 to view the bodily tissue when 
the bodily tissue is sealed within the organ chamber 792. In 
Some embodiments, for example, at least a portion of the 
canister 790 (e.g., the wall 791) is constructed of a clear or 
transparent material. In another example, in Some embodi 
ments, at least a portion of the canister 790 (e.g., the wall 791) 
is constructed of a translucent material. In yet another 
example, in some embodiments, a canister includes a window 
through which at least a portion of the organ chamber can be 
viewed. 
I0126. As noted above, the apparatus 700 is configured for 
controlled delivery of fluid (e.g., oxygen) from an external 
source (not shown) into the pumping chamber 725 of the lid 
assembly 710. The external source can be, for example, an 
oxygen cylinder. In some embodiments, the apparatus 700 
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includes the pneumatic system, such as pneumatic system 
200, configured for controlled venting of fluid (e.g., carbon 
dioxide) from the pumping chamber 725 to an area external to 
the apparatus 700 (e.g., to the atmosphere). The pneumatic 
system 200 is moveable between a first configuration in 
which the pneumatic system is delivering fluid to the pump 
ing chamber 725 and a second configuration in which the 
pneumatic system is venting fluid from the pumping chamber 
725. The pneumatic system 200 is described in detail above 
with respect to apparatus 100. 
0127. In use, the bodily tissue is coupled to at least one of 
the organ adapter 770 or tubing configured to be coupled to 
the organ adapter. The organ adapter 770 can be coupled to the 
lid assembly 710. Optionally, a desired amount of perfusate 
can be disposed within the compartment 794 of the canister 
790 prior to disposing the lid assembly 710 on the canister. 
For example, in Some embodiments, a perfusate line (not 
shown) is connected to the organ adapter 770 and the organis 
flushed with perfusate, thereby checking for leaks and par 
tially filling the canister 790 with perfusate. Optionally, when 
the canister 790 is substantially filled, the perfusate line can 
be disconnected. The lid assembly 710 is disposed on the 
canister 790 such that the bodily tissue is received in the organ 
chamber 792. The lid assembly 710 is coupled to the canister 
790. Optionally, the lid assembly 710 and the canister 790 are 
coupled via the retainer ring 850. Optionally, a desired 
amount of perfusate is delivered to the organ chamber 792 via 
the fill port 708. 
0128. A desired control scheme of the pneumatic system 
200 is selected. Oxygen is introduced into the first portion 727 
of the pumping chamber 725 via the pneumatic system 200 
based on the selected control scheme. The pneumatic system 
200 is configured to generate a positive pressure by the intro 
duction of oxygen into the first portion 727 of the pumping 
chamber 725. The positive pressure helps to facilitate diffu 
sion of the oxygen through the membrane 740. The oxygen is 
diffused through the membrane 740 into the perfusate dis 
posed in the second portion 729 of the pumping chamber 725, 
thereby oxygenating the perfusate. Because the oxygen will 
expand to fill the first portion 727 of the pumping chamber 
725, substantially all of an upper surface 741 of the mem 
brane 740 which faces the first portion of the pumping cham 
ber can be used to diffuse the oxygen from the first portion 
into the second portion 729 of the pumping chamber. 
0129. As the organ uses the oxygen, the organ will release 
carbon dioxide into the perfusate. Such carbon dioxide can be 
diffused from the second portion 729 of the pumping chamber 
725 into the first portion 727 of the pumping chamber 725. 
Carbon dioxide within the first portion 727 of the pumping 
chamber is vented via a control line (not shown) to a valve 
(not shown), and from the valve through a vent line (not 
shown) to the atmosphere external to the apparatus 700. 
0130. The positive pressure also causes the membrane 740 

to flex, which transfers the positive pressure in the form of a 
pulse wave into the oxygenated perfusate. The pulse wave 
generated by the pumping chamber is configured to facilitate 
movement of the oxygenated perfusate from the second por 
tion 729 of the pumping chamber 725 into the bodily tissue 
via the organ adapter 770 (and any intervening structure or 
tubing), thus perfusing the bodily tissue. In some embodi 
ments, the pumping chamber 725 is configured to generate a 
pulse wave in a similar manner as pumping chamber, 
described in detail above with respect to apparatus 100. 
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I0131. At least a portion of the perfusate perfused through 
the organ is received in the organ chamber 792. In some 
embodiments, the pulse wave is configured to flow through 
the perfusate disposed in the organ chamber 792 towards the 
floor 793 of the canister 790. The floor 793 of the canister 790 
is configured to flex when engaged by the pulse wave. The 
floor 793 of the canister 790 is configured to return the pulse 
wave through the perfusate towards the top of the organ 
chamber 792 as the floor 793 of the canister 790 is returned 
towards its original non-flexed position. In some embodi 
ments, the returned pulse wave is configured to generate a 
sufficient pressure to open the valves 738A, 738B disposed at 
the highest positions in the organ chamber 792. In this man 
ner, the returned pulse wave helps to move the valves 738A, 
738B to their respective open configurations such that excess 
fluid (e.g., carbon dioxide released from the bodily tissue 
and/or the perfusate) can move through the valves from the 
organ chamber 792 to the pumping chamber 725. The fore 
going perfusion cycle can be repeated as desired, including in 
any manner described above with respect to other apparatus 
described herein (e.g., apparatus 10, 100,300). 
0.132. Although the perfusion cycle has been described 
herein as including a substantially regular intermittent pulse 
of oxygen from the pneumatic system 200 to the pumping 
chamber 725, in other embodiments, the pneumatic system 
200 can be configured to deliver oxygen to the pumping 
chamber 725 at a different interval (e.g., flow interval), such 
as those variations described above with respect to apparatus 
100 and pneumatic system 200. 
I0133. Although the lid assembly 710 has been illustrated 
and described as being configured for use with the canister 
790, in other embodiments, the lid assembly 710 can be 
configured for use with canisters having different configura 
tions. For example, although the canister 790 has been illus 
trated and described herein as being of a certain size and/or 
shape, in other embodiments, a canister having any Suitable 
dimensions can be configured for use with the lid assembly 
710. In some embodiments, for example, a first canister con 
figured for use with the lid assembly 710 is dimensionally 
configured to accommodate a first type of bodily tissue, and a 
second canister configured for use with the lid assembly 710 
is dimensionally configured to accommodate a second type of 
bodily tissue different than the first type of bodily tissue. For 
example, the canister 790 illustrated in FIG. 12 and described 
herein with respect to apparatus 700 can be dimensioned to 
accommodate an organ, such as a heart. The canister 790 can 
be, for example, a 2.7 liter cylindrical canister having a height 
greater than or substantially equal to a width of the floor 793. 
For example, as shown in FIG. 12, the compartment 794 of 
the canister 790 can have a height Hi of about 15 cm (or about 
5.91 inches) and a diameter D, of about 15 cm (note that 
diameter D, of the compartment 794 can be different from a 
diameter D3 of the top rim 795 of the canister 790, which can 
be about 20 cm (or about 7.87 inches)). Accordingly, when 
the canister 790 is coupled to the lid assembly 710, the appa 
ratus 700 can have an overall diameter of about 24 cm (or 
about 9.44 inches) and an overall height of about 22.3 cm (or 
about 8.77 inches). 
0.134. In another embodiment, as illustrated in FIG. 13, a 
differently dimensioned canister 990 can be used with the lid 
assembly 710. The canister 990 can be dimensioned to 
accommodate the second bodily tissue. Such as a kidney. The 
canister 990 can be, for example, a 3.0 liter cylindrical can 
ister having a wall 991 height less than a width of a floor 993 



US 2015/0373967 A1 

of the canister. For example, as shown in FIG. 13, the com 
partment 994 of the canister 990 can have a height 112 less 
than the height Hi of canister 790 and a diameter D2 greater 
than or equal to the diameter Diof canister 790. The height H2 
and diameter D2 of the compartment 994 can be such that the 
lid assembly 710 coupled to the canister 990 via the retainer 
ring 850 collectively have an overall height of about 16.5 cm 
(or about 6.48 inches) and a diameter of about 24 cm (or about 
9.44 inches). It should be noted that although specific dimen 
sions are described herein, in other embodiments. Such 
dimensions can be different and still be within the scope of the 
invention. The thickness of the floor 993 of the canister 990 
can be selected based on the height and width dimensions of 
the canister 990 to ensure that the floor 993 is configured to 
properly flex in the presence of the pulse wave, as described 
above, and may be the same as or different than the thickness 
of the floor 793 of canister 790. The canister 990 includes a 
plurality of segments 997 protruding from an outer surface of 
the wall adjacent an upper rim 995 of the canister 990. The 
plurality of segments 997 are configured to facilitate coupling 
the canister 990 to the lid assembly 710 and the retainer ring 
850, as described above with respect to the canister 790. 
0135 Referring to FIG. 14, in some embodiments, an 
apparatus includes a basket 870 configured to be disposed in 
a compartment 994 of the canister 990. The basket 870 is 
configured to support the bodily tissue (e.g., kidney K) within 
the compartment 994. In some embodiments, for example, 
the basket 870 includes a bottom portion 872 on which the 
bodily tissue can be disposed. In some embodiments, the 
bottom portion 872 of the basket 870 is smooth. The bottom 
portion 872 can be slightly curved to accommodate curvature 
of the bodily tissue. In some embodiments, netting (not 
shown) can be used to retain the bodily tissue with respect to 
the basket 870 (e.g., when the bodily tissue is disposed on the 
bottom portion 872 of the basket 870). Arms 874A, 874B are 
disposed on a first side of the bottom portion 872 of the basket 
870 opposite arms 876A, 876B disposed on a second side of 
the bottom portion of the basket. Each pair of arms 874A, 
874B and 876A, 876B is extended vertically and terminates 
in a handle portion 875, 877, respectively, that couples the 
upper end portions of the arms. 
0136. In some embodiments, as shown in FIG. 14, a shape 
of the outer perimeter of the bottom portion 872 of the basket 
870 can substantially correspond to a shape of a perimeter of 
the canister 990, such that outer edges of lower end portions 
of the arms 874A, 874B, 876A, 876B each abut an inner 
surface of the wall 991 of the canister. In this manner, lateral 
movement of the basket 871, and thus of the organ supported 
thereon, is prevented, or at least restricted. The handle por 
tions 875, 877 can be configured to engage the lower surface 
736 of the base 732 of the lid assembly 710 when the basket 
870 is received in the canister's 990 compartment 994 and the 
canister is coupled to the lid assembly 710. In this manner, 
vertical movement of the basket 870 with respect to the can 
ister 990 is prevented. 
0.137 While various embodiments have been described 
above, it should be understood that they have been presented 
by way of example only, and not limitation. Where methods 
described above indicate certain events occurring in certain 
order, the ordering of certain events may be modified. For 
example, selecting the control Scheme of the pneumatic sys 
tem 200 can occur before the coupling the bodily tissue to the 
organ adapter 170, 770. Additionally, certain of the events 
may be performed concurrently in a parallel process when 
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possible, as well as performed sequentially as described 
above. Furthermore, although methods are described above 
as including certain events, any events disclosed with respect 
to one method may be performed in a different method 
according to the invention. Thus, the breadth and scope 
should not be limited by any of the above-described embodi 
mentS. 

0.138. While the invention has been particularly shown and 
described with reference to specific embodiments thereof, it 
will be understood that various changes in form and details 
may be made. For example, although the valves disposed at 
the highest portion of the organ chamber have been illustrated 
and described herein as being a ball check valve, in other 
embodiments, a different type of valve configured to permit 
unidirectional flow of a fluid from the organ chamber into the 
pumping chamber can be included in the apparatus. For 
example, in some embodiments, an apparatus includes a dif 
ferent type of a check valve. Such as a diaphragm check valve, 
a Swing check valve, a life check valve, or the like. In another 
example, in Some embodiments, an apparatus includes a 
valve that is different than a check valve. 
(0.139. Although the valve 210 of the pneumatic system 200 
has been illustrated and described herein as being a solenoid 
valve, in other embodiments, the pneumatic system can 
include a different type of valve configured to control the flow 
of oxygen into the pumping chamber. 
0140 Although the valve 210 of the pneumatic system 200 
has been illustrated and described herein as including three 
ports, in other embodiments, a valve of a pneumatic system 
can include a different number of ports. For example, in some 
embodiments, the valve includes one, two, four, or more 
ports. 
0141 Although the pneumatic systems (e.g., pneumatic 
system 200, 220) have been illustrated and described as 
including a specific number of control orifices (e.g., one 
control orifice 207 and two control orifices 223, 225, respec 
tively), in other embodiments, a pneumatic system can 
include any suitable number of control orifices. For example, 
a pneumatic system can include one, two, three, four, or more 
control orifices. 

EXAMPLES 

Example 1 

Oxygen Consumption in Hypothermically Perfused 
Rat Kidneys 

0.142 Adult Sprauge-Dawley albino rats weighing 
between 350 to 500 grams were anesthetized by intravenous 
injection with 25 ml/kg of sodium pentobarbital. Rodents 
were intubated and ventilated with 40% oxygen to maintain 
normal arterial blood oxygenation. In the Supine position 
kidneys were exposed via a midline incision in the lower 
abdominal cavity. The rodent was heparinized, followed by 
the insertion of a catheter into the descending aorta above the 
kidneys. A second catheter was inserted into the inferior Vena 
cavajust below the kidneys. Following cross clamping of the 
aorta and inferior Vena cava above and below the catheters, an 
infusion of cold University of Wisconsin Solution (UWS) at 
4°C. was initiated. Infusion was terminated after all blood 
was cleared from the isolated organs. Cold saline (4°C.) was 
poured over the kidneys during infusion and removed by 
Suction. The aorta and inferior Vena cava were ligated at the 
cross clamp then cut, as were the ureters. The kidneys were 
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quickly dissected free and placedonice for catheterization of 
the renal arteries, veins and ureters. 
0143. Each kidney (n=8) was attached to the organ pres 
ervation device shown in FIG. 15 via a renal arterial cannula 
and immersed into cold (4°C.) freshly prepared University of 
Wisconsin Solution. The renal venous catheter was attached 
to a two way port which could be switched so that the outflow 
perfusate from the kidney could be collected either externally 
or re-circulated back to the organ storage chamber. Perfusion 
was initiated at 70 pulses/min. The preservation device was 
placed into a Styrofoam case into which 3 cold packs had 
been previously placed. During the Subsequent 24 hour pres 
ervation period, temperature, renal arterial and venous pres 
Sures were monitored continuously. Samples of the preserva 
tion solution flowing into and out of the organs were taken at 
60 minute intervals for oxygen partial pressure measure 
mentS. 

0144. The renal perfusion rate was measured by collecting 
renal venous outflow from each kidney for 15 seconds and 
calculating the flow/minute. Renal vascular resistance (RVR) 
was calculated by dividing the mean perfusion pressure by the 
renal vein outflow in ml/min. The oxygen consumption rate 
(OCR) was calculated by: (1) multiplying the difference 
between the pO of the delivered UWS and the pC), of the 
organ outflow by 0.00006 the oxygen solubility factor per ml 
of solution at 4°C., (2) multiplying the result by the organ 
perfusion in ml/min, (3) normalizing this result by the weight 
of the organ. That is, using the methods described in the 
detailed description with a value of a=0.00006. 
0145 During the course of the experiment, the partial 
oxygen pressure of the preservation solution (UWS) entering 
the kidneys during hypothermic mechanical perfusion 
(HMP) was steadily increased from approximately 150 
mmHg to approximately 360 mmHg. The pC) of the perfu 
sate exiting the organs, on average, rose to 291-117 mmHg 
during the 24 hour perfusion period. The difference in the 
partial pressure of oxygen, before and after the kidney was 
relatively constant throughout the perfusion period, and aver 
aged 70.3+30.2 mmHg. The results of the experiment, includ 
ing kidney weight, temperature, perfusion pressure, perfusate 
flow, oxygen consumption and vascular resistance during 
HMP are summarized in Table 1. 

Average preservation data for HMP rodent kidneys (n = 8) 

Kidney Weight (g) 8.2 - 1.1 
Temp (C.) 7.3 O.7 
Perfusion Pressure (mmHg) 10.13.6 
UWS Flow (ml/min) 4.9 O.4 
OCR (mlO/ming) O.OO25 OOOO9 
RVR (mHg/ml/ming) O.2SO - 0.077 

0146 Although not shown, the OCR value for each kidney 
was relatively constant throughout the 24 hour period and the 
overall range of OCR values between the 8 kidneys was small. 
This data suggests that OCR would be a good indicator of 
organ health. 

Example 2 

Correlation Between Glomerular Flow Rates and 
Oxygen Consumption in Rat Kidneys 

0147 Following the HMP period described in Example 1, 
each kidney was removed from the preservation device and 
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connected to a Langendorff device via the renal artery cath 
eter, as shown in FIG. 16. While on this device, the rodent 
organs were perfused with warm (37°C.) oxygenated (100% 
O) Krebs-Haenseleit (K-H) solution containing inulin (15 
mg/100 ml). Perfusion was initiated slowly and increased at 5 
minute intervals until a mean arterial pressure of 100 mmHg 
was achieved. Urine, arterial and venous samples were col 
lected from each kidney at 7, 30, 60, and 90, 120, and 150 
minutes for inulin clearance and urine output measurement. 
The partial pressure of oxygen in the K-H solution entering 
the renal arteries and exiting the renal veins was measured on 
a blood gas machine (TruPoint IrmaTM). Organ perfusion was 
measured by collecting the outflow from the renal veins dur 
ing a 15 second time interval and adjusting to flow/minute. 
Oxygen consumption rate was calculated as above, but using 
a=0.00003, because of the temperature change (37° C.). RVR 
was also calculated as described above. The glomerular fil 
tration rate (GFR) was calculated by multiplying the inulin 
concentration in the urine (mg/ml) by the urine flow (ml/min) 
and dividing by the inulin concentration in the plasma (mg/ 
ml). 
0148 All kidneys, which were previously hypothermic, 
reached stable GFR within 30 minutes of rewarming follow 
ing attachment to the Langendorff device (FIG. 16). During 
functional testing on the Langendorff, the partial pressure of 
oxygen in the K-H Solution entering the renal artery was 
392+78 mmHg, and the partial pressure of oxygen exiting the 
renal vein was 272.0+81.0 mmHg. The oxygen partial pres 
sure differential was stable during the 180 min of testing, with 
an average value of 120.0+34.1 mmHg. (Notably higher than 
the average of 70.3+30.2 mmHg, at 7° C., above.) Kidney 
weight, temperature, perfusion pressure, perfusate flow, oxy 
gen consumption vascular resistance and GFR during Lan 
gendorff testing are Summarized in Table 2. 

TABLE 2 

Average organ function measurements during perfusion in the 
isolated organ preparation (n = 8). 

Kidney Weight(g) 8.2 - 1.1 
Temperature(C.) 37.0 
Perfusion Pressure (mmHg) 100 
Krebs-Haenseleit Flow (ml/min) 31.94.9 
OCR(mlO/ming) OO15 O.OO6 
RVR(mmHg/ml/ming) O397 - 0.111 
GFR ml/ming. O.057 0.037 

0149. A linear regression model was applied to the RVR 
during oxygenated perfusion preservation and post-preserva 
tion organ function as determined by GFR measured on the 
Langendorff device, however the results showed that the cor 
relation was poor (r=0.258 p=0.199). In contrast, the corre 
lation between oxygen consumption by the kidneys and GFR 
was good. In particular, oxygen consumption during oxygen 
ated HMP (Example 1) was significantly correlated(r)=0.871 
p-0.05) to post-preservation GFR, as shown in FIG. 17. Thus, 
the measurement of organ oxygen consumption during oxy 
genated HMP appears to have significant value in predicting 
post-preservation organ function as indicated by GFR. This 
example suggests that oxygen consumption rate is a better 
predictive model of organ viability than RVR. 

Example 3 
Oxygen Consumption in DCD Model Kidneys 

Undergoing Hypothermic Perfusion 
0150. Kidneys were recovered through a midline abdomi 
nal incision from 20 to 25 kg Nubian goats (n=5) after 60 
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minutes of warm ischemia following pentobarbital euthana 
sia. (Because the kidneys were left in the animals 60 minutes 
post-mortem, they are relevant to donation after cardiac death 
(DCD) kidneys, i.e., where the kidneys are not immediately 
harvested upon death of the donor.) The renal arteries and 
veins of the kidneys were cut at the aorta, and inferior vena 
cava respectively. The renal artery and vein of each kidney 
were cannulated. Cold (4°C.) Krebs-Haenselite (KH) solu 
tion, containing 20 units of Heparin per liter, was flushed via 
gravity through the renal artery until no blood was visible 
exiting the renal vein. Once cleared, each kidney was 
weighed and then attached to a perfusion device of the inven 
tion, e.g., as described above (PARAGONIX SHERPA, Para 
gonix Technologies, Cambridge, Mass.) via a renal artery 
connector. The kidney was then Submerged into the organ 
storage canister previously filled with cold 4°C. KH solution. 
Sampling catheters from the renal artery and vein were exte 
riorized for measurement of inflow and outflow oxygen par 
tial pressure as described in EXAMPLE 1 (see FIG. 15). The 
catheters were also used for measurement of arterial and 
venous pressures. The perfusion device was placed within a 
styrofoam storage chest and maintained at 4°C. with cold 
packs. 
0151. The kidneys were then perfused with hypothermic 
oxygenate KH solution for 24 hours while flow rate, flow 
pressure, and oxygen consumption were monitored. The kid 
neys were perfused at a flow rate between 0.1 and 0.3 mlg' 
min' at 70 pulses min' for 24 hours. Organs were perfused 
by a mean flow of 16.8+3.0 ml/min (0.30+0.02 ml/min/g) and 
were maintained at a temperature of 5.4+0.3°C. during the 
perfusion period. 
0152 Perfusate flow and pressure in the renal artery were 
measured continuously during the perfusion. Venous pressure 
was also measured continuously at the renal vein. Perfusion 
pressure was calculated as the difference between the mean 
renal artery pressure and the mean renal vein pressure. Mean 
perfusion pressure was 8.3-3.0 mmHg. 
0153. In addition to perfusate flow and pressure, oxygen 
consumption was measured at the beginning and the end of 
the perfusion period, as shown in FIG. 18. The consumption 
was equivalent to the difference between O, partial pressure 
of the perfusate entering the renal artery and exiting the renal 
vein. The partial pressure of oxygen in the perfusate delivered 
to the kidneys at the start of perfusion was 150 mmHg, then 
rose to 427+65 mmHg by 24 hours. (See FIG. 18). Oxygen 
delivery to the organ was 0.269 mlO/min/100g at the start of 
perfusion and increased to 0.771 mlO/min/100 g by 24 
hours. The A-V pC) difference was constant during the entire 
perfusion period at 96.8+29.9 mmHg. Fifteen minutes fol 
lowing the start of perfusion, oxygen consumption was 
0.05+0.04 mlO/min/100 g. After 2 hours of perfusion the 
mean oxygen consumption rose to 0.16+0.04 mlO/min/100 
g and remained approximately constant for the rest of the 
perfusion period. (See FIG. 18) 
0154 The data show that physiologic function of a kidney 
that has experienced 60 minutes of warm ischemia improves 
(as indicated by oxygen consumption rate) after a few hours 
of hypothermic oxygenated perfusion. Additionally, the data 
Suggest that the function can be maintained for Some time 
(i.e., greater than 24 hours) by providing continued hypoth 
ermic oxygenated perfusion. 
0155 The data suggest that organs recovered from DCD 
donors, which often experience Substantial periods of warm 
ischemia, may recover to viability using hypothermic oxy 
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genated perfusion, e.g., using a device of the invention, e.g., 
PARAGONIX SHERPATM. Additionally, the data suggest 
that viable DCD organs may be maintained for at least 24 
hours, which would afford sufficient time to match the donor 
organ to a recipient and transport the organ to the recipient. 

INCORPORATION BY REFERENCE 

0156 References and citations to other documents, such 
as patents, patent applications, patent publications, journals, 
books, papers, web contents, have been made throughout this 
disclosure. All Such documents are hereby incorporated 
herein by reference in their entirety for all purposes. 

EQUIVALENTS 
0157. The invention may be embodied in other specific 
forms without departing from the spirit or essential charac 
teristics thereof. The foregoing embodiments are therefore to 
be considered in all respects illustrative rather than limiting 
on the invention described herein. Scope of the invention is 
thus indicated by the appended claims rather than by the 
foregoing description, and all changes which come within the 
meaning and range of equivalency of the claims are therefore 
intended to be embraced therein. 

1-12. (canceled) 
13. A method for perfusing an organ, the method compris 

1ng: 
inserting an organ into a preservation solution; 
perfusing the organ with an oxygenated Solution at a hypo 

thermic temperature; 
measuring the oxygen consumption rate of the organ; 
comparing the measured oxygen consumption rate to a 

functional oxygen consumption rate, wherein a mea 
Sured oxygen consumption rate greater than or equal to 
the functional oxygen consumption rate is indicative of 
a Suitable organ; and 

using a processor to alter a perfusion property based on the 
comparison. 

14. The method of claim 13, further comprising varying a 
pressure of the oxygenated Solution to create a differential 
perfusion pressure 

15. The method of claim 14, wherein the differential per 
fusion pressure is greater than 0 mm Hg and less than or equal 
to 120 mm Hg. 

16. The method of claim 14, wherein the differential per 
fusion pressure is greater than 0 mm Hg and less than or equal 
to 50 mm Hg. 

17. The method of claim 13, wherein the functional oxygen 
consumption rate is greater than or equal to 50 nmolo/ming 
of organ mass. 

18. The method of claim 13, wherein the organ is selected 
from the group consisting of heart, kidney, liver, lung, and 
pancreas. 

19. The method of claim 13, wherein the hypothermic 
temperature is less than 10°C. 

20. The method of claim 13, wherein the organ is from an 
expanded criteria donor (ECD) or from a donation after car 
diac death (DCD). 

21. The method of claim 13, further comprising monitoring 
vascular resistance of the organ to perfusion. 

22. The method of claim 14, wherein the pressure is varied 
at least once per minute. 

23. The method of claim 14, wherein the pressure is varied 
at least once every 10 seconds. 
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24. The method of claim 13, wherein the preservation 
Solution is oxygenated with a partial pressure of oxygen of at 
least 100 mmHg (100 Torr). 

25. The method of claim 13, wherein the perfusion prop 
erty is one selected from the list consisting of perfusion 
temperature; flow rate; and pressure. 

k k k k k 


