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REMOVAL OF CARBON DIOXIDE VIA artificial lung is under - utilized , largely because it is only 
DIALYSIS available in specialist centers and is complicated to use . 

Continuous Renal Replacement Therapy ( CRRT ) , is a 
CROSS - REFERENCE TO RELATED widely available and less invasive technology than ECCR . 

APPLICATION 5 Normally , CRRT ( like routine hemodialysis ) adds bicarbon 
ate ( or buffers such as acetate that are metabolized to 

This application is a national phase filing of PCT Inter bicarbonate ) to the blood . Attempts to remove CO , / bicar 
national Patent Application No . PCT / US2014 / 012151 , filed bonate using CRRT have failed because of the development Jan . 18 , 2014 , which claims benefit of U . S . Provisional of metabolic acidosis despite addition of a base ( typically , in Patent Application Ser . No . 61 / 754 , 435 , filed Jan . 18 , 2013 , 10 the form of sodium hydroxide ) to the returning blood . the disclosures of which are incorporated herein by refer Attempts to replace bicarbonate with another anion such as ence . tris ( hydroxymethyl ) aminomethane ( TRIS ) , acetate , citrate 

BACKGROUND and lactate also failed . 

15 

( 1 ) 

The following information is provided to assist the reader SUMMARY 
in understanding technologies disclosed below and the envi 
ronment in which such technologies may typically be used . In one aspect , a method of reducing the concentration of 
The terms used herein are not intended to be limited to any carbon dioxide in blood plasma includes removing blood 
particular narrow interpretation unless clearly stated other - 20 from a patient and treating ( or processing ) at least blood 
wise in this document . References set forth herein may plasma of the blood by flowing the blood plasma on one side 
facilitate understanding of the technologies or the back of at least one semi - permeable membrane and flowing a 
ground thereof . The disclosure of all references cited herein dialysate on the other side of the at least one semi - permeable 
are incorporated by reference . membrane . The dialysate has a concentration of bicarbonate 
CO , is an end - product of energy metabolism in all mam - 25 less than the concentration of bicarbonate in the blood 

mals , including humans . Under normal circumstances , it is plasma before treating the blood plasma and has a compo 
removed by expiration . CO2 is transported to the lungs by sition such that the blood plasma strong ion difference that 
the blood stream , where it exists mostly in the form of results from treating the blood plasma in conjunction with an 
bicarbonate ( HCO , J ) as a result of the following equilibrium achieved reduction in blood plasma CO , concentration 
reaction : 30 results in a blood plasma pH that does not result in metabolic 

acidosis . For example , the reduction in blood plasma CO , 
CO2 + H2O < = > H2CO3 < = > H + + HCO3 concentration may result in a blood plasma pH that does not 

High levels of C0 , may be tolerated to some extent , but , change by more than + / - 0 . 5 during treatment . The blood pH 
if not corrected , lead to progressive mental obtundation , after treatment may , for example , be in the range of 7 . 30 to 
reduced respiratory drive , and resultant alveolar hypoventi - 35 7 . 45 . The method may also include returning the blood 
lation , hypoxemia , acidosis and death . Many critically ill plasma to the patient after treating the blood plasma on one 
patients , therefore , require mechanical ventilation in the side of the at least one semi - permeable membrane . In a 
intensive care unit . Mechanical ventilation , although indis - number of embodiments , the concentration of bicarbonate in 
pensable for survival , may worsen the injured lung and may the dialysate is no more than half the concentration of 
increase the mortality rate if inappropriately administered . 40 bicarbonate in the blood plasma before treating the plasma . 
This is particularly true for acute respiratory distress syn - In a number of embodiments , the concentration of bicar 
drome ( ARDS ) , in which several studies demonstrated that bonate is in the range of 5 mmol to 0 mmol . In a number of 
the main reason for high mortality ( 30 - 50 % ) is not severe embodiments , the concentration of bicarbonate in the 
hypoxemia but rather multi - organ failure ( kidneys , heart , dialysate is zero . The treating or processing of the blood 
liver , etc . ) , potentially caused by the translocation of various 45 plasma may , for example , also provide renal replacement 
mediators from the lungs through the systemic circulation to therapy . 
peripheral organs and / or augmented by artificial ventilation In general , blood plasma is the liquid portion of human 
( ventilator - induced lung injury , VILI ) . There is good evi - blood or whole blood . The blood plasma may be separated 
dence that low volume lung protective ventilation ( LPV ) from blood ( as , for example , in plasma exchange ) . In a 
improves outcomes in ARDS , but there is also evidence that 50 number of embodiments hereof , the blood ( including the 
hypercapnia ( high plasma CO , levels ) as a result of reduc blood plasma ) flows on one side of at least one semi 
tion of ventilatory volumes prevents the successful applica - permeable membrane and the blood ( including the blood 
tion of LPV . Furthermore , recent studies have shown that plasma ) is returned the patient . In other words , whole blood 
lung hyperinflation still occurs in approximately 30 % of is treated and returned to the patient . However , in other 
ARDS patients , even though they are being ventilated " cor - 55 embodiments , blood plasma may be separated from the 
rectly ” using the National Heart , Lung , and Blood Institute blood and caused to flow on the one side of the at least one 
ARDS Network ( ADRSNet ) strategy . These studies also semi - permeable membrane . Unless the context clearly dic 
suggested that some patients may benefit from a further tates otherwise , when blood plasma is referenced herein , it 
reduction of tidal volume ( V ) even when peak plateau may be as a component of blood ( whole blood ) or as blood 
pressure ( PPLAT ) is less than 30 cm H20 . 60 plasma separated from blood . In general , semi - permeable 

Extracorporeal carbon dioxide removal ( ECCOR ) is a membrane is a thin layer of material ( which may , for 
technology that has been available for 40 years , and has example , include holes of various sizes , or pores ) . Under the 
helped in addressing this problem to an extent . ECCOR conditions of operation , smaller solutes and fluid pass 
involves removal of blood from the patient , which is through the membrane , but the membrane blocks the pas 
pumped through an artificial lung ( oxygenator membrane ) 65 sage of larger substances ( for example , red blood cells , large 
where CO , is removed and subsequently the purified blood proteins , etc . ) . In general , ions may pass or diffuse through 
is returned to the patient . However , ECCOR through an the semi - permeable membranes with little resistance . 
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The method may , for example , further include , reducing BRIEF DESCRIPTION OF THE DRAWINGS 
the concentration of carbon dioxide in the dialysate after the 
dialysate contacts at least one semi - permeable membrane FIG . 1 illustrates the results of bicarbonate removal 
and recycling the dialysate after reducing the concentration ( mmol / min ) using an in vitro test system at various dialysate 
of carbon dioxide . 5 flow rates ( ml / min ) . 

In a number of embodiments , carbonic anhydrase is FIG . 2 illustrates the data of FIG . 1 scaled up to a 0 . 9 m² 
immobilized on or in the vicinity of the at least one semi - dialysis filter ( as commonly used to provide CRRT in 
permeable membrane . intensive care in connection with a 75 kg man ) . 

The method may , for example , further include increasing FIG . 3 illustrates the lowering of the pCO , of the plasma 
the pH of the blood plasma before the blood plasma flows on 10 solution in vitro post - filter at various dialysate flow rates . 

FIG . 4 illustrates the maintenance of pH of the plasma one side of the at least one semi - permeable membrane and 
decreasing the pH of the blood plasma after the blood solution by maintaining the strong ion difference pre - and 

post - filter . plasma flows on one side of the at least one semi - permeable FIG . 5 illustrates a representative embodiment of an in membrane . 15 vitro system or circuit hereof used for CO , removal in the The composition of the dialysate may , for example , be form of bicarbonate . determined on a per - patient basis or standardized for multi FIG . 6A illustrates removal of CO2 with a dialysate patient use . In a number of embodiments , the composition of including no bicarbonate at a dialysis flow rate of 2 ml / min 
the dialysate is determined ( at least in part ) on the basis of for various plasma pCO , ranges . 
at least one of a level of hypercarbia , a level of respiratory 20 FIG . 6B illustrates Table I , which sets forth data for the 
acidosis and a level of metabolic acidosis . The composition graph of FIG . 6A . 
of the dialysate may , for example , be determined ( at least in FIG . 7A illustrates removal of Co , with a dialysate 
part ) on the basis of at least one of a patient baseline blood including no bicarbonate at a dialysis flow rate of 10 ml / min 
plasma CO2 concentration , a desired blood plasma CO2 for various plasma pCO , ranges . 
concentration , blood plasma strong ion difference and blood 25 FIG . 7B illustrates Table II , which sets forth data for the 
plasma weak acid concentration . graph of FIG . 7A . 

In another aspect , a system for reducing concentration of FIG . 8A illustrates removal of CO , with a dialysate 
carbon dioxide in blood plasma includes a dialysis filter including no bicarbonate at a dialysis flow rate of 14 ml / min 
system comprising at least one semi - permeable membrane , for various plasma pCO , ranges . 
and a source of a dialysate having a concentration of 30 entration of 30 FIG . 8B illustrates Table III , which sets forth data for the 

graph of FIG . 8A . bicarbonate less than the concentration of bicarbonate in the 
blood plasma before treating the blood plasma and having a FIG . 9A illustrates change in blood pH with a dialysate 

including no bicarbonate at a dialysis flow rate of 10 ml / min composition such that the blood plasma strong ion difference 
that results from treating the blood plasma , in conjunction 35 for various plasma pCO2 ranges . 

35 FIG . 9B illustrates Table IV , which sets forth data for the with an achieved reduction in blood plasma CO2 concentra graph of FIG . 9A . tion , results in a post - treatment blood plasma pH as FIG . 10 illustrates a graph of measured plasma - free described above ( for example , that does not change by more hemoglobin levels over time in a recirculating loop model , than + / - 0 . 5 during treatment ) . showing no hemolysis . 
In a further aspect , a dialysate for use with blood plasma 40 FIG . 11 illustrates a representative embodiment of a 

has a concentration of bicarbonate less than a baseline system hereof for removal of CO , from blood / blood plasma . 
concentration of bicarbonate in the blood plasma and has a 
composition such that the blood plasma strong ion difference DETAILED DESCRIPTION 
that results from treating the blood plasma with the dialysate 
in a dialysis procedure , in conjunction with an achieved 45 It will be readily understood that the components of the 
reduction in blood plasma CO , concentration , results in a embodiments , as generally described and illustrated in the 
post - treatment blood plasma pH as described above ( for figures herein , may be arranged and designed in a wide 
example , that does not change by more than + / - 0 . 5 during variety of different configurations in addition to the 
treatment ) . described example embodiments . Thus , the following more 

In still a further aspect , a method of formulating a 50 detailed description of the example embodiments , as repre 
dialysate includes providing a concentration of bicarbonate sented in the figures , is not intended to limit the scope of the 
less than a baseline concentration of bicarbonate in blood embodiments , as claimed , but is merely representative of 
plasma and providing a composition such that the blood example embodiments . 
plasma strong ion difference that results from treating the Reference throughout this specification to “ one embodi 
blood plasma with the dialysate in a dialysis procedure , in 55 ment ” or “ an embodiment ” ( or the like ) means that a 
conjunction with an achieved reduction in blood plasma particular feature , structure , or characteristic described in 
CO , concentration , results in a post - treatment blood plasma connection with the embodiment is included in at least one 
pH as described above ( for example , that does not change by embodiment . Thus , the appearance of the phrases “ in one 
more than + / - 0 . 5 during treatment ) . The dialysate may , for embodiment ” or “ in an embodiment ” or the like in various 
example , include a solution having a concentration of bicar - 60 places throughout this specification are not necessarily all 
bonate less than the half the concentration of bicarbonate in referring to the same embodiment . 
blood plasma . Furthermore , described features , structures , or character 

The present devices , systems , methods and compositions , istics may be combined in any suitable manner in one or 
along with the attributes and attendant advantages thereof , more embodiments . In the following description , numerous 
will best be appreciated and understood in view of the 65 specific details are provided to give a thorough understand 
following detailed description taken in conjunction with the ing of embodiments . One skilled in the relevant art will 
accompanying drawings . recognize , however , that the various embodiments can be 
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( 2 ) 

( 3 ) 

practiced without one or more of the specific details , or with SID = ? [ strong cation charge concentration ] - [ strong 
other methods , components , materials , et cetera . In other anion charge concentration ] 
instances , well known structures , materials , or operations Strong ions are those that dissociate totally at the pH of 
are not shown or described in detail to avoid obfuscation . interest ( for example , physiological pH ) . For example , SID 
As used herein and in the appended claims , the singular 5 may be given by : 

forms “ a , " " an ” , and “ the ” include plural references unless [ SID ] = [ Na + ] + [ K + ] + [ Ca2 + ] + [ MG2 + ] - [ CL - ] - [ Other the context clearly dictates otherwise . Thus , for example , Strong Anions ] 
reference to " a membrane ” includes a plurality of such Acid - base balances employing strong ionic difference as membranes and equivalents thereof known to those skilled 10 a means of assessing clinical acid - base disturbances were set in the art , and so forth , and reference to " the membrane ” is 10 forth by Stewart . Stewart , P . A . , How to understand acid a reference to one or more such membranes and equivalents base . A quantitative acid - base primer for biology and medi 
thereof known to those skilled in the art , and so forth . cine , New York / Oxford : Elsevier ( 1981 ) and Stewart , P . A . , 

In a number of representative embodiments , devices , Modern quantitative acid - base chemistry , Can J Physiol 
systems , compositions and / or methods hereof provide mini - 15 Pharmacol , 61 : 1444 - 1461 ( 1983 ) , the disclosures of which 
mally invasive strategies to remove carbon dioxide ( CO2 ) in are incorporated herein by reference . Stewart ' s acid - base 
the form of bicarbonate using continuous renal replacement theory is , for example , discussed in Corey , H . E . , “ Stewart ' s 
therapy ( CRRT ) . CRRT is a more widely available and less acid - base theory : Equation , implementation and mecha 
invasive technology that ECCOR to remove CO2 . As nism , " Trends in Comparative Bichem . & Physiol . , 14 : 35 - 54 
described above , CO2 is predominantly transported in the 20 ( 2009 ) , and Ring , T , “ Mixing bicarbonates : dilution acidosis 
blood not as CO , gas or dissolved CO , but as bicarbonate from first principles , " Intensive Care Med . , December ; 
ion ( HCO , ) . 35 ( 12 ) : 2183 - 4 ( 2009 ) , the disclosures of which are incor 

Dialysates used in CRRT circuits include added bicarbon - porate herein by reference . 
ate to the blood to treat metabolic acidosis from renal failure . In general , there are three variables which are amenable 
In that regard , bicarbonate levels used in dialysis solutions 25 to change in - vivo : partial pressure of carbon dioxide 
are set slightly higher than normal blood levels to encourage ( PCO2 ) , total weak non - volatile acids [ Ator ] , and net Strong 
diffusion of bicarbonate into the blood and to act as a pH lon Difference ( SID ) . The influence of these three variables 
buffer to neutralize the metabolic acidosis that is often can be predicted through six simultaneous equations ( see , 
present in these patients . However , in a number of embodi - for example , Appendix A ) : 
ments hereof , low bicarbonate dialysate solutions ( that is , 30 [ H + ] x [ OH - ] = Kw ( water dissociation equilibrium ) dialysate solutions having a bicarbonate concentration less 
than that present in blood ) are used create a driving force in [ H * ] x [ A - ] = K _ * [ HA ] ( weak acid ) the form of a concentration gradient to increase the diffusion 
of bicarbonate from the blood . CO , is thereby removed , [ HA ] + [ A - ] = [ Ator ] ( conservation of mass for “ A ” ) reducing the ill - effects of progressive hypercapnia and resul - 35 
tant inability to use LPV . Previously , attempts to remove [ H + ] [ HCO3 ] = K , ' XPCO2 ( bicarbonate ion formation 
bicarbonate / CO , via CRRT have been found to be difficult equilibrium ) 
because of development of metabolic acidosis with bicar 
bonate removal . The use of CRRT for CO2 removal has thus [ H + x [ CO , 2 - 1 = Kzx [ HCO3 - 1 ( carbonate ion formation 
not been successful despite addition of a base in the form of 40 equilibrium ) 
sodium hydroxide to the returning blood . 

In a number of embodiments hereof , dialysate composi [ SID ] + [ H + ] - [ HCO3 - ) - [ A - ] - [ CO32 - 1 - [ OH - ] = 0 ( elec 
tions containing low levels of bicarbonate ( including sub trical neutrality ) 
stantially no or no bicarbonate ) are used to maximize CO2 The dialysate hereof contain a low bicarbonate concen 
removal in the form of bicarbonate by diffusion while 45 tration , but exhibit a pH that is tolerated by blood ( that is , 
preventing acidosis . Such dialysate compositions may , for does not harm blood cells ) passing through a dialysis filter 
example , be tailored to individual patients . In a number of including at least one semi - permeable membrane as known 
embodiments , the strong ion difference model is used in in the dialysis arts . The dialysate is designed to maintain 
formulating stable dialysate compositions hereof . The dis - plasma pH and prevent acidosis developing after the 
solved bicarbonate anion readily passes across dialysis 50 removal of bicarbonate . This result is achieved by compos 
membranes . Developing a dialysis system to remove bicar - ing the dialysate so as to achieve a plasma strong ion 
bonate shifts the equilibrium of equation ( 1 ) , reducing CO2 difference that will achieve a normal blood pH at the desired 
levels as bicarbonate is removed . Using a dialysis system to level of PCO2 . Previous attempts to use dialysis to remove 
maximize bicarbonate removal has the potential to make bicarbonate have been abandoned as a result of the devel 
extracorporeal CO2 removal available to any facility that is 55 opment of metabolic acidosis and an inability to find a 
capable of providing dialysis , and would be no more inva - suitable replacement buffer for bicarbonate . The bicarbonate 
sive that standard dialysis . present in plasma is dictated by the CO2 level and the strong 

Acid - base chemistry demonstrates that the bicarbonate ion difference . Therefore , the dialysates hereof are designed 
present in plasma is dictated by the CO , level and the strong to control the plasma strong ion difference in relation to the 
ion difference as well as blood weak acid concentration . The 60 target blood PCO , rather than replacing bicarbonate with an 
weak acid concentration will not be altered in a number of alternative buffer . 
embodiments hereof . In a number of embodiments , the In a number of embodiments hereof , a mathematical 
dialysate compositions hereof are designed to control the model was developed based on an advanced understanding 
strong ion difference rather than replacing bicarbonate ( with of acid - base physiology to precisely control pH by targeting 
another anion ) in the plasma . The strong ion difference or 65 changes in plasma strong ion difference ( SID ) instead of 
SID is defined as the difference between the sum of con - bicarbonate itself . The bicarbonate flux is controlled through 
centrations of strong cations and strong anions as follows : the choice / design of the hemofilter and the dialysate . 
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SID + [ H " ) - K + PCO , ( 4 ) 
JH + 1 

2 * 

In formulating a dialysate for use herein , the SID of the example , be achieved using aeration or modified gas 
plasma was set by solving the Stewart equation for the exchange membranes . Other strategies include , for example , 
desired CO2 and pH as follows : forcing precipitation of the bicarbonate or developing an 

anion exchange membrane or using hemadsorption technol 
5 ogy . Recycling dialysate is attractive . For example , it will 

prevent loss of essential minerals and amino acids , but will 
still allow concomitant renal replacement therapy by using 

Kc * K3 * pCO2 K KA * [ Aror ] hemofiltration . Another strategy may , for example , include 
2 * = [ H + 12 T H + 1KA + [ H + 1 = altering the plasma with alkalinizing agents or electrochemi 

cally and removing these chemicals after the filter before 
wherein , returning the blood to the patient using hemofiltration , 

Kv = 2 . 39x10 - 14 mol ? / L2 ; hemodialysis or hemoadsorption . 
K = 2 . 45x10 - 11 mol / L² mm Hg ; The representative studies of FIGS . 1 through 4 illustrate 
K3 = K2 ( H2CO3 ) = 5 . 76x10 - 11 mol / L ; and in vitro bench data that demonstrate successful removal of 
Kq = 1 . 77x10 - 7 mol / L . CO , from a plasma - like solution using a dialysate with a low 

Usually , the sieving coefficient of small molecules is bicarbonate concentration and a physiologic sodium con 
considered to be 1 across the dialysis filter and a 1 : 1 mixing centration as described above . The chloride concentration of 
is often assumed . The sieving coefficient provides a measure the dialysate was slightly supra - physiologic ( 118 mmol / L ) , 
of equilibration between the concentrations of two mass 20 but it is well within tolerance limits for human use . FIG . 1 
transfer streams . The sieving coefficient is defined as the illustrates the level of bicarbonate removal using the in vitro 
ratio of solute filtrate concentration ( Cd ) to the respective system of FIG . 5 at various dialysate flow rates . FIG . 2 
solute plasma concentration ( Cp ) or C / C7 . A sieving coef illustrates the data of FIG . 1 scaled up to a 0 . 9 m² dialysis 
ficient of 1 indicates unrestricted transport . However , the filter in a 75 kg man . FIG . 3 illustrates the lowering of the mixing may not always be 1 : 1 and it may depend on the 25 Il may depend on me 25 PCO , of the plasma solution in vitro as measured before the c 
change in the sieving coefficient as seen in bench and dialysate filter and after the dialysate filter at various clinical experiments of continuous dialysis with diffusion dialysate flow rates . and convection as mechanisms . In a number of embodi The experimental data show that a dialysate hereof with ments , modifications were made to the Stewart equation to 
factor this change and create a mixing equation including the 30 a bicarbonate concentration of 10 mmol / L removes equiva 
sieving coefficient for calculation of the SID of a mixed ºlent of 2 - 2 . 5 mmol / min of bicarbonate . Bicarbonate levels in 
solution as follow : a healthy adult may , for example , be in the range of 22 - 29 

mmol / L . In these studies , dialysate flow rates of approxi 
SID = { K * pC02 / [ H + ) - 2 * K K3 * pC07 / [ H ] 2 - K / [ H + ] mately 7 times higher than standard continuous dialysis flow 

K * [ A401 ] ( Ka + [ H + ) - [ H * ] } * ( 1 - 0 ) ( 5 ) 25 rates were used for maximal removal and more equivalent to 
In the above equation , o is a reflection coefficient of the flows used in standard intermittent hemodialysis . As illus 

molecules in the plasma , and ( 1 - 0 ) is the sieving coefficient . trated in FIG . 4 , post - filter pH is maintained , and is slightly 
In ideal circumstances , this is zero . In general , the relevant higher at certain flow rates , thereby , eliminating metabolic 
ions may pass or diffuse through the semi - permeable mem - acidosis which had hampered previous attempts at using 
branes with little resistance . The inventors determined the 40 CRRT for CO , removal . 
target CO2 , held pH constant , and solved for the new SID . As illustrated in FIG . 5 , in the studies hereof , a simulated 
We then calculated the composition of a dialysate that would blood plasma ( described in further detail in the Experimental 
be required to achieve the new SID . The expected SID with Example section ) , was delivered from a reservoir and passed 
a CO , level of 50 mmHg is around 29 mmol Based on this , through an “ oxygenator ” device or system . In normal opera 
the following were added to 1 L of deionized water : 10 45 tion , an oxygenator device or system serves as a lung assist 
mmol of NaOH = 400 mg ; 112 . 5 mmol of NaCl = 6 . 63 g ; 3 . 5 device or system , and is designed to expose the blood to 
mmol of KC1 = 261 mg ; 1 mmol of MgCl = 60 mg ; 3 mmol of oxygen and remove carbon dioxide . The oxygenators 
lactate = 366 mg ( or 50 % solution in water added 0 . 54 ml ) ; 11 includes hollow fiber membranes permeable to gas but 
mmol NaHCO = 924 mg ; and 0 . 5 mmol NaH , PO . = 60 mg . impermeable to blood . The blood flows on the outside of the 
The solution was titrated with HCl to achieve a pH of 50 hollow fibers , while oxygen flows in the opposite direction 
approximately 8 . 0 . For example , 1 ml of HC1 ( 6N ) was on the inside of the fibers . As the blood passes through the 
added to change from pH 10 . 1 to pH 8 . 14 . This dialysate oxygenator , the blood comes into intimate contact with the 
mixture was tested , including its ability to maintain pH hollow fiber membranes . Gas containing oxygen is delivered 
while removing Co , from the plasma ( see , for example , to the interface between the blood and the device . Carbon 
FIGS . 1 through 4 ) . We also calculated the SID of the 55 dioxide passes from the blood and into the hollow fiber 
dialysate in the steady state which , when compared to the membranes for removal . 
expected SID by the equation above , will help to calculate In the present system , however , a mixture of carbon 
a correction factor for reflection and sieving coefficient . The dioxide and nitrogen was passed through the hollow fiber 
dialysate mixture may be tested at different levels of CO , to membrane to introduce carbon dioxide into the simulated 
assess the efficiency of CO , removal . 60 blood plasma . The system was operated to result in a 

Removing sufficient bicarbonate may , for example , generally consistent 50 mmHg CO2 partial pressure . 
require a higher flow rate than used in normal dialysis . The plasma ( containing carbon dioxide ) leaving the oxy 
Strategies that may , for example , be employed to manage genator is pumped to the dialysis filter . The CO2 concentra 
flow requirements include , but are not limited to : ( a ) increas - tion and CO , partial pressure were measured before the 
ing the surface area of the dialysis filter and ( b ) a strategy for 65 plasma entered the dialysis filter and after the plasma exited 
recycling the dialysate , including removing the bicarbonate the dialysis filter . In the dialysis filter , the plasma flows 
therein . Removal of bicarbonate from dialysate may , for through semi - permeable fibers and the dialysate flows 
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around the fibers . After passing through the dialysis filter , zero - bicarbonate dialysate . Hemolysis was tested by mea 
the plasma flowed to a plasma dump and the dialysate suring plasma - free hemoglobin levels over time in a recir 
flowed to a dialysate dump . culating loop model . 

Dialysate composition may , for example , be altered or Bicarbonate removed from the blood does not need to be 
optimized on a per - patient basis . For example , a model 5 replaced , provided the dialysate is formulated to maintain 
based on the physico - chemistry of different levels of hyper the concentration of strong ions in the plasma , because 
carbia and respiratory with / without metabolic acidosis may plasma bicarbonate concentration depends on the concen 
be used to create a tailored - to - patient dialysis solution based tration of strong ions and the amount of dissolved CO2 . on the patients acid - base status and the desired change in Once again , strong ions are derived from salts that com CO2 . For example a given patient may have any combina - 10 pletely dissociate when in solution . The most important tion of baseline CO2 , desired CO2 , plasma strong ion strong ions in plasma are sodium and chloride . difference and plasma weak acid concentration . Further The devices , systems , methods and compositions hereof more , a patient may have combined lung and kidney failure 
and the dialysate composition may be customized so that it may , for example , be used with ARDS patients who would 
may , for example , serve the dual purposes of ECCOR and 15 be benefit with LPV and CO2 removal as a result of hypercarbia 
CRRT . Thus , in a number of embodiments , a method is from low ventilatory volumes and for hypercapneic respi 
provided for tailored fluid composition . A “ standard ” fluid ratory failure in patients with COPD and / or Acute Cardio 
composition may be used in an “ average " case , and a genic / Non - cardiogenic pulmonary edema . 
technique to use CRRT with the fluid at specific flow rates FIG . 11 illustrates a representative example of a system 10 
to achieve sufficient control of CO2 . 20 for reducing the concentration of CO2 in blood plasma . In a 
Moreover , as clear to one skilled in the art , reducing the number of respects , system 10 is similar to systems currently 

concentration of bicarbonate in the dialysate can be used in CRRT . In that regard , system 10 includes patient 
decreased to increase the concentration across the dialysate interfaces for removal of blood from the patient and return 
membrane and increase the rate of bicarbonate removal from of filtered blood to the patient . One or more blood pumps 20 
the plasma . In several studies , a dialysate having a zero 25 as known in the art may be used for pressurization as 
concentration of bicarbonate therein was used . In such required . As described above in connection with FIG . 5 , a 
studies , bovine blood was drawn one day prior to the dialyzer or dialysis filter system 30 may , for example , 
procedure and refrigerated was used . Normal acid - base and include a plurality of , semipermeable fibers 32 . In dialysis 
blood gas parameters were assessed . CO , was added to the filter system 30 , the blood flows through semi - permeable 
plasma as set forth in FIG . 5 using a MINIMAX® plus 30 fibers 32 and the dialysate flows in a volume 34 around 
hollow fiber oxygenator ( available form Medtronic , of Ana - fibers 34 . After passing through dialysis filter system 30 , the 
heim , Calif . USA ) with a sweep gas composed of N , and filtered blood is returned to the patient . 
CO , . The ratio of the N , and CO , in the sweep gas was set In a manner similar to that described in connection with 
to ensure a CO2 partial pressure ( pCO2 ) between 60 - 100 oxygenators or lung assist systems in U . S . Pat . Nos . 7 , 763 , 
mmHg for the blood exiting the oxygenator . The solution 35 097 and 8 , 043 , 411 , the disclosure of which are incorporated 
was then pumped through an M10 dialysis filter ( available herein by reference , carbonic anhydrase or CA may be used 
from Gambro of Lyon , France ; surface area 0 . 04 m² ) . The on or in the vicinity of fibers 32 to drive or increase the 
dialysate was created using common chemical constituents removal of bicarbonate from blood . CA reversibly catalyzes 
as described above . However , the dialysate included no hydration of CO , into carbonic acid , which then rapidly 
bicarbonate . Flow rates were scaled down from conven - 40 dissociates into bicarbonate ion . Immobilized CA may , for 
tional dialysis based on filter surface area . The plasma flow example , be used to facilitate diffusion toward a membrane 
rate was set at 10 mls per minute , which is the equivalent of including the immobilized enzyme . CA immobilized on or 
200 mls per minute for a full - sized filter . Such flows are in the vicinity of the surface of fibers 32 enables “ facilitated 
readily achievable with current available continuous veo - diffusion ” of CO , as bicarbonate towards the fibers 32 and 
venous hemodialysis ( CVVHD ) devices . Pre - and post - filter 45 enhances the removal rate of CO , . 
acid - base analysis was assessed using a blood gas analyzer . In a number of embodiments , the blood may be treated 
Similar to the studies above , the dialysate was successful in before entering dialysis filter system 30 to facilitate CO , 
removing Co , in the form of bicarbonate and also preserved removal and , if necessary , treated after leaving dialysis filter 
plasma pH . A representative goal of 30 % CO , removal was system 30 to , for example , restore one or more properties 
set forth in the studied of FIGS . 6A through 8B . As , for 50 thereof . For example , to further facilitate removal of CO , 
example , illustrated in FIGS . 6A through 8B , in vitro studies ( by forcing more CO , to be converted to bicarbonate ) , the 
showed that almost 50 % of CO , production can be removed , blood may be alkalinized ( represented by arrow A ) before 
depending upon dialysate flow rate . Dose - response satura - entering dialysis filter system 30 via the addition of , for 
tion of CO , removal occurred at around 240 ml / kg / hr ; this example , sodium without addition of bicarbonate . For 
is eight time typical CVVHD flow ( 25 - 30 ml / kg / hr ) , but 55 example , sodium hydroxide ( NaOH ) may be added . After 
similar to Intermittent Hemodialysis ( IHD ) flows . As set exiting dialysis filter system 30 , pH may be restored ( de 
forth above , recycling the dialysate can address the loss of creased ) using , for example dilute hydrochloric acid ( HC1 ) , 
essential minerals and increased resource ( water ) utilization In the embodiment of FIG . 6 , dialysate is pumped from a 
associates with high dialysate flows . As expected , the reservoir 40 via a pump 50 to flow through volume 34 
increased diffusion gradient between the blood and the 60 ( around fibers 32 ) . As described above , CO , / bicarbonate 
dialysate with zero bicarbonate resulted in a higher flux of may be removed from the dialysate via a CO2 removal 
bicarbonate ( and therefore CO2 ) . As , for example , illustrated system 60 . For example , a CO , removal system as described 
in FIGS . 9A and 9B , post - filter pH was maintained , thereby in U . S . Pat . Nos . 7 , 763 , 097 and 8 , 043 , 411 may be used . 
eliminating concerns of metabolic acidosis . As set forth After CO , removal , the dialysate is recycled to reservoir 40 . 
above , the flow rates in the studies of FIGS . 6A through 9B 65 Recycling may , for example , limit total fluid use while 
were scaled down on the basis of the filter surface area . As maintaining CO , clearance , while minimizing loss of essen 
illustrated in FIG . 10 , no hemolysis was noted using the tial minerals and micronutrients . 
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In summarizing embodiments of the methodology set passing the mixture of 70 / 30 NZ / CO , through fibers around 
forth above , one may begin by defining a desired or goal which the simulated blood solution passed ( see FIG . 5 ) . 
( post - treatment ) plasma pCO2 . Typically , 50 mmol is cho - Dialysate Preparation . 
sen , which is above the normal range , but is typically The following were added to 1 L of deionized water : 10 
significantly less than the patient beginning ( pretreatment ) 5 mmol of NaOH = 400 mg ; 112 . 5 mmol of NaC1 = 6 . 63 g : 3 . 5 
plasma pCO2 . The desired or goal pCO , may , for example , mmol of KC1 = 261 mg ; 1 mmol of MgCl = 60 mg ; 3 mmol of change depending upon patient condition . Equation 4 is then lactate = 366 mg ( or 50 % solution in water added 0 . 54 ml ) ; 11 
used to determine desired plasma SID , assuming Atot mmol NaHCO3 = 924 mg ; and 0 . 5 mmol NaH2PO4 = 60 mg . remains unchanged and setting pco , to the desired level . The solution was titrated with HCl to achieve a pH of Equation 4 may , for example , be solved for a desirable pH 10 approximately 8 . 0 . For example , 1 ml of HC1 ( 6N ) was level . In general , it is desirable that the blood plasma pH added to change from pH 10 . 1 to pH 8 . 14 . does not change by more than + / - 0 . 5 during treatment . In a 
number of embodiments , a desirable level of blood pH was Studies . 
set in the range of approximately 730 to 7 . 45 0f7310 735 During studies hereof a system including flow circuits and 
The dialysate is formulated so that the dialysate SID is equal 15 pumps was set up as set forth in FIG . 5 . The simulated blood 
to or approximately equal to the desired or determined solution was passed through the dialysis filter at 18 . 67 ( 18 . 7 ) 
plasma SID . The dialysate bicarbonate level may then be set ml / min , while the dialysate was passed through at 1 . 5 
to a predetermined level or concentration . For example , the through to 18 . 7 ml / min . The “ oxygenator ” was operated to 
dialysate bicarbonate can be set to 5 mmol or less . In a result in a consistent 50 mmHg CO2 partial pressure . The 
number of embodiments , the dialysate concentration is set to 20 " blood ” gas compositions ( CO2 concentration ) into the 
zero . One may then determine the pH at the membrane / dialysis filter system and out of the dialysis filter system 
blood plasma interface by solving Equation 5 for mixing of were measured at steady states . 
equal amounts of the dialysate and blood plasma . The Post - Study Care . 
interfacial pH should be determined to be a biocompatible After the study procedure , the oxygenator was flushed 
pH ( that is , a pH that will not cause any significant harm to 25 with DI water over night ( if only PBS simulated blood 
blood / plasma constituents such as red blood cells ) . In a solution was used ) . Subsequently , both the fluid side and gas 
number of embodiments , a range of desired interfacial pH side of the hollow fiber membranes ( HFMs ) were dried 
was set to between approximately 6 . 5 and 8 . 5 . If the overnight with nitrogen or air from , for example , a central 
interfacial pH is determined to be outside of the predeter - line ( equipped with an air filter ) . If blood was used in the 
mined range one may , for example , add a buffer . Typically 30 studied , the loop was flushed with PBS to wash away most 
a buffer other than bicarbonate is added ( for example , HC1 of the red blood cells ( RBC ' s ) . After flushing with PBS , the 
or NaOH ) . If bicarbonate is added , the bicarbonate level is system was rinsed with deionized water . Subsequently , a 2 - 3 
maintained no greater than 1 / 2 the beginning plasma level , no day wash with TERGAZYMER ( enzyme - active powdered 
greater than 10 mmol or , in most cases , no greater than 5 detergent available from Alconox of White Plains , N . Y . ) to 
mmol . As set forth above , minimizing the level of bicar - 35 clean the oxygenator of blood proteins / etc . was effected . 
bonate in the dialysate increases the driving force for Afterwards , the system was rinsed with deionized water for 
diffusion of bicarbonate across the membrane , and thus 1 - 2 days and then dried overnight . 
facilitates removal of bicarbonate / CO , from the blood ! The dialysis membrane was kept wet at all times with 
plasma . saline . The dialysis membrane was flushed with normal 

The dialysates and systems of the present studies were not 40 saline , then locked with normal saline . Luer lock caps were 
optimized . Dialysate composition may , for example , be used to preserve the filter membrane . 
mathematically modeled based on a physicochemical Zero - Bicarbonate Dialysate . 
approach to acid - base physiology . Data from experiments An in - vitro model was designed to develop and test a 
and literature studies may , for example , be used to math - dialysate solution designed to remove bicarbonate . Freshly 
ematically model CO , removal by dialysis as described 45 drawn bovine blood was used in the studied . CO , was added 
herein . Semi - permeable membranes used in the dialysis to the bovine blood using a MINIMAX plus hollow fiber 
filter systems may , for example , be modified to enhance oxygenator with a sweep gas composed of N , and Co , to 
bicarbonate flux . For example , as described above , carbonic simulate hypercarbic respiratory acidosis . The hypercarbic 
anhydrase , may be immobilized in the vicinity of the mem - blood was pumped at blood flow rate ( 220 ml / min ) and 
brane surface . Further , different types of dialysis recycling 50 passed through an M10 dialysis filter with a surface area of 
processes may be used to effect CO , removal ( for example , 0 . 04 m² . A dialysate solution including a zero concentration 
sorbent adsorption , ion trapping , photobio - filter using bio - of bicarbonate was constituted using Stewart ' s physico 
logical agents etc . ) . chemical approach designed to control the strong ion dif 

Experimental ference rather than replacing bicarbonate ( as described 
Preparation of Phosphate Buffered Saline ( PBS ) Simu - 55 above ) . Hemolysis was tested by measuring pre and post 

lated Blood Solution LDH levels . 
Beginning with 780 ml of PBS , deionized water was The in vitro data showed successful removal of CO , from 

added to increase the volume a to 1 L with deionized H , O , hypercarbic bovine blood using a zero - bicarbonate dialysate 
to which 30 mmol of NaHCO , ( 2 . 52 g ) was added . Also without causing metabolic acidosis . CO , removal was 
added were Na 143 mmol / 1 , K 4 mmol / 1 , C1 110 mmol / 1 , 60 dependent on dialysate flow rate . Total CO2 removal was 
and PO44 mg / dl . During studies , CO , was added to partial 70 - 120 ml / min ( 30 - 48 % of production , which is similar to 
pressure 50 mmHg ( via a 70 / 30 N / CO , mix ) using an mechanical ECCOR devices ) at IHD ( Intermittent Hemodi 
“ oxygenator ” as illustrated in FIG . 5 . As described above , alysis ) flow rate and 4 - 8 ml / min ( 1 - 3 % ) at standard CVVHD 
such devices are typically used for the removal of carbon flows . Dose response saturation occurred at 240 ml / kg / hr of 
dioxide and the oxygenation of blood . See , for example , 65 dialysate flow ( IHD flow rate ) . LDH levels decreased by 
U . S . Pat . Nos . 7 , 763 , 097 and 8 , 043 , 411 . In the present mean of 22 . 5 % ( 5 . 8 % standard deviation ) in post - filter 
studies , CO , was added to the simulated blood solution by blood , indicating no obvious hemolysis . 
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The dialysate was formed by defining the desired , post - 5 . The method of claim 1 wherein the concentration of 

treatment pCO , to be 50 mmHg Equation 4 was used to bicarbonate in the dialysate is in the range of 5 mmol and 0 
determine the resultant blood plasma SID , assuming Atot mmol . 
remained unchanged and pCO , reached the desire level . The 6 . The method of claim 1 wherein the composition of the 
dialysate SID was set to equal the determined blood plasma 5 dialysate is determined on a per - patient basis . 
SID and the dialysate bicarbonate level was set to zero . The 7 . The method of claim 6 wherein the composition of the 
pH at the membrane interface was then determined for dialysate is determined on the basis of at least one of a level 
mixing equal amounts of dialysate and plasma using Equa - of hypercarbia , a level of respiratory acidosis and a level of 
tion 5 as described above . The dialysate composition was : 1 metabolic acidosis . 
L of deionized water ; 20 mmol of NaOH = 800 mg ; 112 . 5 10 8 . The method of claim 1 wherein the composition of the 
mmol of NaC1 = 6 . 63 g ; 3 . 5 mmol of KC1 = 261 mg ; 1 mmol dialysate is determined on the basis of at least one of a 
of MgCl = 60 mg ; 3 mmol of lactate = 366 mg ( or 0 . 5 ml of patient baseline blood or blood plasma CO , concentration , a 
50 % solution in water ) ; 0 . 5 mmol NaH2PO4 = 60 mg ; and 6N desired blood or blood plasma CO2 concentration , blood or 
HC1 = 1 . 5 ml . blood plasma strong ion difference and blood or blood 

The foregoing description and accompanying drawings 15 plasma weak acid concentration . 
set forth a number of representative embodiments at the 9 . The method of claim 1 further comprising determining 
present time . Various modifications , additions and alterna - a desired outcome level of pCO2 , using the following 
tive designs will , of course , become apparent to those skilled equation to determine blood or blood plasma strong ion 
in the art in light of the foregoing teachings without depart difference or SID for the desired outcome level of pCO : 
ing from the scope hereof , which is indicated by the fol - 20 
lowing claims rather than by the foregoing description . All 
changes and variations that fall within the meaning and SID + H + 1 _ K * * pCO2 - 2Kc * K3 * pCO2 Kw KA * [ A : 01 ] 
range of equivalency of the claims are to be embraced within 1 [ H + ] * * * [ H + 12 H + 1 KA + [ H + 1 = V , 
their scope . 
What is claimed is : 25 wherein Ky , is the water dissociation equilibrium constant , 1 . A method of reducing the partial pressure of carbon Ky is the weak acid equilibrium constant , Kz is equal to dioxide or pCO2 in blood or blood plasma during renal [ HCO3 - ) / ( [ W ] * [ CO32 - 1 ) , K . is equal to ( [ H + ] * replacement therapy comprising : 
removing blood from a patient ; [ HCO3 - ) / pCO2 ) , Atot is the total weak acid concentra 

tion of noncarbonated buffers , and wherein Ajo is treating the blood or blood plasma which has been sepa - 30 assumed to remain unchanged , and formulating the rated from the blood by flowing the blood or the blood dialysate to have a strong ion difference approximately plasma on one side of at least one semi - permeable equal to the determined blood or blood plasma strong membrane , wherein carbonic anhydrase is immobilized ion difference for the desired outcome level of pCO . on or in the vicinity of the at least one semi - permeable 10 . The method of claim 9 further comprising using the membrane , and flowing a dialysate for renal replace - 35 following equation to determine pH at the interface of the at ment therapy on the other side of the at least one least one semi - permeable membrane using the following semi - permeable membrane to reduce the concentration equation : of bicarbonate in the blood or the blood plasma and 
reduce pCO , in the blood or the blood plasma , the SID = { K * pCO2 / [ H + ] – 2 * K Kz * pCO _ / [ H + ] 2 - K / [ H + ] 
dialysate having a concentration of bicarbonate less 40 K . * [ A10 ] ( Ka + [ H * ] ) - [ H * ] } * ( 1 - 0 ) 
than the concentration of bicarbonate in the blood or for mixing of equal amounts of the dialysate and the blood 
the blood plasma before treating the blood or the blood or the blood plasma , wherein ( 1 - 0 ) is a sieving coef 
plasma and having a composition such that the blood or ficient . 
the blood plasma strong ion difference that results from 11 . The method of claim 10 further comprising adding a 
treating the blood or the blood plasma in conjunction 45 buffer which does not increase bicarbonate concentration in 
with an achieved reduction in pCO , results in a blood the blood to the dialysate if the pH at the interface of the at 
pH or a blood plasma pH at an interface of the at least least one semi - permeable membrane and the blood or the 
one semi - permeable membrane between 6 . 5 and 8 . 5 blood plasma is outside of a desired range . 
during treatment such that pCO , in the blood or blood 12 . The method of claim 1 wherein the blood is caused to 
plasma is reduced without inducing metabolic acidosis ; 50 flow on the one side of the at least one semi - permeable 
and membrane and the blood is returned to the patient . 

returning the blood or the blood plasma to the patient after 13 . A system for reducing the partial pressure of carbon 
treating the blood or the blood plasma on one side of dioxide or pCO2 in blood or blood plasma during renal 
the at least one semi - permeable membrane . replacement therapy comprising : 

2 . The method of claim 1 further comprising reducing the 55 a dialysis filter system comprising at least one semi 
concentration of bicarbonate in the dialysate after the permeable membrane , wherein carbonic anhydrase is 
dialysate contacts at least one semi - permeable membrane immobilized on or in the vicinity of the at least one 
and recycling the dialysate after reducing the concentration semi - permeable membrane ; and 
of bicarbonate . a source of a dialysate for renal replacement therapy 

3 . The method of claim 1 further comprising increasing 60 having a concentration of bicarbonate less than the 
the pH of the blood or the blood plasma before the blood or concentration of bicarbonate in the blood or blood 
the blood plasma flows on one side of the at least one plasma before treating the blood or the blood plasma 
semi - permeable membrane . and having a composition such that the blood or the 

4 . The method of claim 1 wherein the concentration of blood plasma strong ion difference that results from 
bicarbonate in the dialysate is no more than half the con - 65 treating the blood or the blood plasma in conjunction 
centration of bicarbonate in the blood or the blood plasma with an achieved reduction in blood or blood plasma 
before treating the blood or the blood plasma . pCO2 results in a blood or a blood plasma pH at an 
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interface of the at least one semi - permeable membrane 
between 6 . 5 and 8 . 5 during treatment such that pco , in 
the blood or blood plasma is reduced without inducing 
metabolic acidosis . 

14 . The system of claim 13 further comprising a recycling 5 
system to reduce the concentration of bicarbonate in the 
dialysate after the dialysate contacts the at least one semi 
permeable membrane and return the dialysate with the 
reduce concentration of bicarbonate to the source of 
dialysate . 10 

15 . The system of claim 13 further comprising a system 
to increase the pH of the blood or the blood plasma before 
the blood or the blood plasma flows on one side of the at 
least one semi - permeable membrane and a system to 
decrease the pH of the blood or the blood plasma after the 15 
blood or the blood plasma flows on one side of the at least 
one semi - permeable membrane . 

16 . The system of claim 13 wherein the concentration of 
bicarbonate in the dialysate is in the range of 5 mmol and 0 
mmol . 20 


