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THERAPEUTIC GAS DELVERY DEVICE 
WITH PULSED AND CONTINUOUS FLOW 

CONTROL 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. Patent 
Application Ser. No. 14/211.919, filed on Mar. 14, 2014, 
which claims the benefit under 35 U.S.C. S 119(e) to U.S. 
Provisional Application No. 61/791,775, filed Mar. 15, 
2013, the entire contents of which are incorporated herein by 
reference in their entirety. 

TECHNICAL FIELD 

0002 Embodiments of the present invention generally 
relate to the field of therapeutic gas administration, particu 
larly to devices and methods for nitric oxide delivery. 

BACKGROUND 

0003) Nitric oxide (NO) is a gas that, when inhaled, acts 
to dilate blood vessels in the lungs, improving oxygenation 
of the blood and reducing pulmonary hypertension. Because 
of this, nitric oxide is provided as a therapeutic gas in the 
inspiratory breathing gases for patients with pulmonary 
hypertension. 
0004 Some nitric oxide delivery devices utilize a pro 
portional control valve to continuously flow therapeutic gas 
to provide an approximately constant concentration of nitric 
oxide in the patients inspiratory breathing gas, based on a 
desired concentration set by a clinician. However, as the 
flow rate of breathing gas rapidly rises and falls within the 
inspiratory or expiratory phases, it becomes difficult to 
continuously provide a proportional ratio-metric dose of 
delivered NO gas dependent on inspired flow. This is 
particularly true at the low end of the NO flow range, such 
as when the NO set dose and ventilator flow rates result in 
a low NO demand and therefore a low therapeutic gas 
demand. 

0005. Other nitric oxide delivery devices utilize one or 
more binary control valves to approximate an average 
constant concentration of nitric oxide by constantly pulsing 
through the binary control valves. These devices also have 
problems at the low end of the NO delivery range, and may 
have problems with response time when meeting the Sudden 
increased NO flow demand in response to a ventilator 
inspiratory phase. 
0006 Still other nitric oxide delivery devices administer 
a single pulse of nitric oxide to the patient as the patient 
inhales spontaneously. Such devices often use a pressure or 
flow sensor known as a patient trigger sensor to detect when 
a patient begins inspiration for a particular breath and also 
to detect each phase of the patients’ breath: i.e. inspiratory, 
expiratory, etc. These devices will generally use at least one 
binary control valve to provide a constant flow of NO during 
the pulsing event, but have a limited dose range because 
dose amounts can only be varied by varying the time that the 
binary control valve is open. 
0007 Accordingly, there is a need for new methods and 
devices for delivery of therapeutic gases such as NO 
containing gases. 
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SUMMARY 

0008 Provided are methods and devices that utilize at 
least one binary control valve (i.e. a constant flow valve) and 
at least one proportional control valve (i.e. a variable flow 
valve) to provide enhanced dosing ranges for therapeutic gas 
administration. 

0009. One aspect of the present invention relates to a 
therapeutic gas delivery device that comprises at least one 
binary control valve and at least one proportional control 
valve. In one or more embodiments of this aspect, the gas 
delivery device comprises an inlet to connect to a source of 
therapeutic gas, an outlet to connect to a device that intro 
duces the therapeutic gas to a patient, at least one binary 
control valve in fluid communication with the inlet and 
outlet that delivers a constant flow of the therapeutic gas, at 
least one proportional control valve in fluid communication 
with the inlet and outlet that delivers a variable flow of the 
therapeutic gas, and a control system that delivers the 
therapeutic gas through one or more of the binary control 
valve and the proportional control valve. The therapeutic gas 
may comprise nitric oxide or a nitric oxide-releasing agent, 
or may be another therapeutic gas as described herein. 
0010. According to one or more embodiments, the binary 
control valve and the proportional control valve are in series. 
This combination of the binary control valve and the pro 
portional control valve may provide pulses of therapeutic 
gas at varying flow rates. In some embodiments, the thera 
peutic gas delivery device further comprises a pressure 
sensor, wherein the proportional control valve is upstream of 
the pressure sensor and the pressure sensor is upstream of 
the binary control valve. 
0011. In one or more embodiments, the binary control 
valve and the proportional control valve are in parallel flow 
paths. 
0012. If multiple binary and/or proportional control 
valves are used, various combinations of valves in parallel 
and/or in series are possible. One particular configuration 
can include multiple binary control valves in parallel, which 
may provide pulses of therapeutic gas at either the same or 
different flow rates. In some embodiments, the ratio of the 
flow rate of the first binary control valve to the flow rate of 
the second binary control valve is in the range from about 
1:2 to about 1:10. In some embodiments, the control system 
delivers multiple pulses per breath through one or more of 
the first binary control valve and the second binary control 
valve. 

0013. According to one or more embodiments, the gas 
control system delivers the therapeutic gas into a flow of 
breathing gas through one or more of the binary control 
valve and the proportional control valve to provide a com 
bined flow of therapeutic gas and breathing gas with a 
Substantially constant concentration of therapeutic gas. In 
further embodiments, the binary control valve and the pro 
portional control valve are in parallel flow paths and the 
control system delivers a continuous flow of therapeutic gas 
through the proportional control valve when a therapeutic 
gas demand is greater than or equal to 5% of a delivery range 
and delivers one or more pulses of therapeutic gas through 
the binary control valve when the therapeutic gas demand is 
less than or equal to 1% of the delivery range. As described 
herein, other therapeutic gas demands may be used to 
determine whether a binary valve or proportional valve is 
used. 
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0014. The device that introduces the therapeutic gas to 
the patient may be in fluid communication with a ventilator, 
or the patient may be breathing spontaneously. Examples of 
devices that may be used to introduce the therapeutic gas to 
the patient include a nasal cannula, endotracheal tube or a 
face mask. 

0015. In some embodiments, the control system provides 
a single pulse in a patient’s breath through one or more of 
the binary control valve and the proportional control valve. 
0016. Another aspect of the present invention pertains to 
a therapeutic gas delivery device that comprises a binary 
control valve and a variable pressure regulator. In various 
embodiments of this aspect, the therapeutic gas delivery 
device comprises an inlet to connect to a source of thera 
peutic gas, an outlet to connect to a device that introduces 
the therapeutic gas to a patient, at least one binary control 
valve in fluid communication with the inlet and outlet that 
delivers a constant flow of the therapeutic gas when the 
upstream pressure is constant, at least one variable pressure 
controller in fluid communication with the binary control 
valve that varies the pressure upstream of the binary control 
valve, and a control system that delivers the therapeutic gas 
through the binary control valve. The therapeutic gas may 
comprise nitric oxide or a nitric oxide-releasing agent. 
0017. According to one or more embodiments, the con 

trol system is in communication with the variable pressure 
regulator and varies the pressure upstream of the binary 
control valve. In some embodiments, the variable pressure 
controller comprises a proportional control valve and a 
pressure sensor. 

0.018. As with other embodiments described herein, the 
system may comprise multiple binary control valves, mul 
tiple proportional control valves and/or multiple variable 
pressure regulators. In some embodiments, the delivery 
system comprises a second binary control valve in parallel 
to the first binary control valve. These two binary control 
valves may provide pulses of therapeutic gas at either the 
same or different flow rates. In some embodiments, the ratio 
of the flow rate of the first binary control valve to the flow 
rate of the second binary control valve is in the range from 
about 1:2 to about 1:10. In some embodiments, the control 
system delivers multiple pulses per breath through one or 
more of the first binary control valve and the second binary 
control valve. 

0019 Again, the device that introduces the therapeutic 
gas to the patient may be in fluid communication with a 
ventilator, or the patient may be breathing spontaneously. 
Examples of devices that may be used to introduce the 
therapeutic gas to the patient include a nasal cannula, 
endotracheal tube or a face mask. 

0020. In some embodiments, the control system provides 
a single pulse in a patient's breath. 
0021. Yet another aspect of the present invention a 
method of administering a therapeutic gas to a patient 
comprising using any of therapeutic delivery devices 
described herein. In some embodiments, the method com 
prises providing a therapeutic gas delivery device having at 
least one binary control valve that delivers a constant flow 
of therapeutic gas and at least one proportional control valve 
that delivers a variable flow of the therapeutic gas and 
delivering therapeutic gas to the patient during inspiration 
through one or more of the binary control valve and the 
proportional control valve. As with any of the embodiments 
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described herein, the therapeutic gas includes, but is not 
limited to, nitric oxide or a nitric oxide-releasing agent. 
0022. In one or more embodiments, the binary control 
valve and the proportional control valve are in series Such 
that the combination of the binary control valve and the 
proportional control valve may provide pulses of therapeutic 
gas at varying flow rates. 
0023. In one or more embodiments, the binary control 
valve and the proportional control valve are in parallel flow 
paths. 
0024. Various embodiments provide that the therapeutic 
gas is delivered so that the patient is administered a constant 
concentration of drug. For example, the method may further 
comprise measuring a flow of breathing gas and delivering 
the therapeutic gas in an amount Substantially proportional 
to the flow of breathing gas. 
0025. In some embodiments, the binary control valve and 
the proportional control valve are in parallel flow paths and 
a continuous flow of therapeutic gas is delivered through the 
proportional control valve when a therapeutic gas demand is 
greater than or equal to 5% of a delivery range and one or 
more pulses of therapeutic gas is delivered through the 
binary control valve when the therapeutic gas demand is less 
than or equal to 1% of the delivery range. 
0026. In one or more embodiments, the therapeutic gas 
delivery device further comprises a second binary control 
valve in parallel to the first binary control valve, which may 
deliver constant flow or pulses of therapeutic gas at the same 
or different flow rates. In some embodiments, the ratio of the 
flow rate of the first binary control valve to the flow rate of 
the second binary control valve is in the range from about 
1:2 to about 1:10. 
0027. One or more embodiments provide that the method 
further comprises sensing the beginning of the patients 
inspiration and delivering one or more pulses of therapeutic 
gas to the patient during inspiration. In some embodiments, 
at least one pulse is delivered in the first half of the patients 
inspiration. 
0028. In one or more embodiments, a first amount of 
therapeutic gas is delivered to the patient in a first breath, 
and the method further comprises monitoring the patients 
respiratory rate or changes in the patient’s respiratory rate 
and varying the quantity of therapeutic gas delivered to the 
patient in one or more Subsequent breaths based on the 
monitored respiratory rate or changes in the patient’s respi 
ratory rate. 
0029. The foregoing has outlined rather broadly certain 
features and technical advantages of the present invention. It 
should be appreciated by those skilled in the art that the 
specific embodiments disclosed may be readily utilized as a 
basis for modifying or designing other structures or pro 
cesses within the scope present invention. It should also be 
realized by those skilled in the art that such equivalent 
constructions do not depart from the spirit and scope of the 
invention as set forth in the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0030 So that the manner in which the above recited 
features of the present invention can be understood in detail, 
a more particular description of the invention, briefly sum 
marized above, may be had by reference to embodiments, 
Some of which are illustrated in the appended drawings. It is 
to be noted, however, that the appended drawings illustrate 
only typical embodiments of this invention and are therefore 
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not to be considered limiting of its scope, for the invention 
may admit to other equally effective embodiments. 
0031 FIG. 1 illustrates a therapeutic gas delivery device 
having a proportional control valve and a binary control 
valve in series in accordance with one or more embodiments 
of the present invention; and 
0032 FIG. 2 illustrates a therapeutic gas delivery device 
having a proportional control valve and two binary control 
valves in parallel in accordance with one or more embodi 
ments of the present invention. 

DETAILED DESCRIPTION 

0033. Before describing several exemplary embodiments 
of the invention, it is to be understood that the invention is 
not limited to the details of construction or process steps set 
forth in the following description. The invention is capable 
of other embodiments and of being practiced or being 
carried out in various ways. 
0034. Although specific reference is made to nitric oxide 
delivery devices, it will be understood by a person having 
ordinary skill in the art that the methods and devices 
described herein may be used to deliver other medical or 
therapeutic gases. Exemplary gases that may be adminis 
tered include, but are not limited to, nitric oxide, oxygen, 
nitrogen, and carbon monoxide. As used herein, the phrase 
“therapeutic gas' refers to gas used to treat diseases or 
medical disorders in a patient. 
0035) If nitric oxide is used as the therapeutic gas, 
exemplary diseases or disorders that may be treated include 
persistent pulmonary hypertension of the newborn (PPHN), 
pulmonary arterial hypertension (PAH), chronic obstructive 
pulmonary disease (COPD), bronchopulmonary dysplasia 
(BPD), chronic thromboembolic pulmonary hypertension 
(CTE), idiopathic pulmonary fibrosis (IPF), acute respira 
tory distress syndrome (ARDS) or pulmonary hypertension 
(PH), or nitric oxide may be used as an antimicrobial agent. 
0.036 Provided are methods and devices for administer 
ing therapeutic gas to a patient that utilize both binary and 
proportional control valves. These devices can provide 
enhanced dose ranges for both continuous constant concen 
tration delivery and single pulse per breath delivery. 
0037. As used herein, a “binary control valve' refers to a 
control valve having at least two states, the first state being 
completely closed and the second state being Substantially 
open. Examples of such valves include, but are not limited 
to, solenoid valves and piezoelectric valves. Binary valves 
with large flow-through opening area (low pressure drop) to 
Small diameter orifice (high pressure drop) are envisioned. 
Such valves generally provide a constant flow of gas when 
open, depending on the upstream pressure. In combination 
with a pressure regulator, these valves can provide a known, 
constant flow rate or pulsed Volume of gas in proportion to 
the upstream pressure. 
0038 A "proportional control valve' as used herein is a 
valve that can provide a variable flow rate of gas. Unlike a 
binary control valve, a proportional control valve can have 
a variable opening to provide an almost infinite number of 
flow rates between the completely closed state and the 
completely open state. Over some portion of the control 
range these valves act in a linear region of flow output verses 
current input. They can be configured to control flow or 
pressure depending on the integration of the sensing device. 
0039. Accordingly, one aspect of the present invention 
relates to a therapeutic gas delivery device having at least 
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one binary control valve and at least one proportional 
control valve. The binary control valve may be in series with 
the proportional control valve, or it may be in parallel with 
the proportional control valve. If more than one binary 
control valve and/or proportional control valve is present, 
the various valves may be arranged in multiple configura 
tions with combinations of valves in series and in parallel. 
0040 FIG. 1 shows an exemplary nitric oxide delivery 
device 100 having the binary and proportional control valves 
in series. A source of therapeutic gas containing nitric oxide 
may include gas storage cylinder 103. Exemplary cylinders 
may contain NO in a carrier gas such as nitrogen, with a NO 
concentration ranging from 1 ppm to 20,000 ppm, Such as 
from 5 ppm to 10,000 ppm, or from 10 ppm to 5,000 ppm. 
In one or more embodiments, the cylinder has a high nitric 
oxide concentration, such as about 2440 ppm or about 4880 
ppm. In other embodiments, the cylinder concentration is 
about 800 ppm. 
0041. Instead of a cylinder storing gas comprisingNO, a 
nitric oxide-releasing agent such as nitrogen dioxide (NO) 
or a nitrite salt (NO) may be used with appropriate reducing 
agents or co-reactants to provide a flow of NO. For example, 
gas storage cylinder 103 could contain NO gas in a con 
centration ranging from 1 ppm to 20,000, and the device can 
utilize an appropriate reaction to convert the NO to NO 
before administering to the patient. 
0042 Gas storage cylinder 103 is in fluid communication 
with conduit 105, which carries the therapeutic gas from gas 
storage cylinder 103 to the nitric oxide delivery device. The 
conduit 105 may be in fluid communication with a nasal 
cannula or other nasal or oral breathing apparatus 113 for 
delivering the therapeutic gas to the patient. In addition, 
conduit 105 may comprise a gas hose or tubing section, a 
pressure regulator, a delivery manifold, etc. Although spe 
cific reference is made to nasal cannulas, other types of nasal 
or oral breathing apparatuses may be used. Such as breathing 
masks or endotracheal tubes. 

0043. One or more proportional control valves 107 regu 
late the flow of therapeutic gas through the conduit 105 to 
the patient, as well as one or more binary control valves 109. 
Although proportional control valve 107 is shown upstream 
of binary control valve 109 in FIG. 1, having the binary 
control valve 109 upstream of and in series with the pro 
portional control valve 107 would be an equivalent configu 
ration. In some embodiments, if the proportional control 
valve 107 is pressure-assisted open, it may need to be 
upstream of the binary control valve 109. 
0044. In addition to or as an alternate to the proportional 
control valve 107, a variable pressure regulator may be 
placed upstream of the binary control valve 109. A variable 
pressure regulator may act to control or maintain a known 
Volume at a fixed pressure. Such a variable pressure regu 
lator can vary the output pressure, thus varying the flow rate 
of the downstream binary control valve 109 and extending 
the dynamic range of the binary control valve 109. The 
variable pressure regulator may be electronically controlled 
by the control system of the nitric oxide delivery device. 
0045. In some embodiments, a pressure sensor 108 may 
be placed downstream of the proportional control valve 107 
and upstream of the binary control valve 109. The combi 
nation of the proportional control valve 107 and the pressure 
sensor 108 may act as a variable pressure regulator to control 
pressure upstream of the binary control valve 109 because 
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the proportional control valve 107 may control input flow to 
achieve the desired pressure at pressure sensor 108. 
0046. In some embodiments, a “known compressed gas 
volume' is measured by the pressure sensor 108 upstream of 
the binary control valve 109. In FIG. 1, the known com 
pressed gas Volume would be the Volume of compressed gas 
in conduit 105 between the proportional control valve 107 
and binary control valve 109. The portion of conduit 105 
downstream from proportional control valve 107 and 
upstream of binary control valve 109 defines a chamber, and 
knowing the volume and pressure of this chamber allows the 
proportional control valve 107 to control the flow rate 
through the binary control valve 109. 
0047. A passageway 111 is in fluid communication with 
the conduit 105 which connects a patient trigger sensor 119 
to the conduit 105. The patient trigger sensor 119 is a 
pressure or flow sensor. The signal from the trigger sensor 
119 may be further processed via hardware and/or software 
logic by a control system comprising a central processing 
unit (CPU) 115. The trigger senor 119 detects when a patient 
begins inspiration and/or expiration, and may provide that 
information to the control system. 
0048. In some embodiments, the trigger sensor 119 may 
be used to determine the patients inspiration by detecting a 
negative pressure caused by the patient’s breathing effort. 
This negative pressure may be measured between two 
reference points, such as between the passageway 111 and a 
differential pressure port on the nitric oxide delivery device 
(not shown). As passageway 111 is in fluid communication 
with the conduit 105, which in turn is in fluid communica 
tion with the patient, the pressure in passageway 111 will 
drop when a small Sub atmospheric pressure in the patients 
nose or mouth is created as the patient begins inspiration. 
0049 Similarly, the patient trigger sensor 119 may detect 
the patient’s expiration by detecting a positive pressure 
caused by the patient. In some embodiments, this positive 
pressure differential is the amount by which the pressure in 
passageway 111 exceeds the pressure at the differential 
pressure port. 
0050. The nitric oxide delivery device 100 may comprise 
a control system including one or more CPUs 115. The CPU 
115 may be in communication with a user input device 117. 
This user input device 117 can receive desired settings from 
the user, Such as the patient’s prescription (in mg/kg ideal 
body weight, mg/kg/hr, mg/kg/breath, mL/breath, cylinder 
concentration, delivery concentration, pulse duration, etc.), 
the patient’s age, height, sex, weight, etc. In one or more 
embodiments, user input device 117 comprises a display and 
a keyboard and/or buttons, or may be a touchscreen device. 
0051. The CPU 115 may also be in communication with 
a flow sensor 121, which measures the flow of therapeutic 
gas through proportional control valve 107 and binary 
control valve 109. The CPU 115 can be coupled to a memory 
(not shown) and may be one or more of readily available 
memory Such as random access memory (RAM), read only 
memory (ROM), flash memory, compact disc, floppy disk, 
hard disk, or any other form of local or remote digital 
storage. Support circuits (not shown) can be coupled to the 
CPU 115 to support the CPU 115, sensors, control valves, 
etc. in a conventional manner. These circuits include cache, 
power Supplies, clock circuits, input/output circuitry, Sub 
systems, power controllers, signal conditioners, and the like. 
0052. The CPU 115 of control system may be in com 
munication with the proportional control valve 107, the 
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binary control valve 109, the patient trigger sensor 119, the 
flow sensor 121 and the pressure sensor 108. When the 
patient trigger sensor 119 determines that a patient is begin 
ning inspiration, the CPU 115 sends a signal to one or both 
of the control valves 107 and 109 to open the control valves 
to deliver therapeutic gas. 
0053 Depending on the particular NO administration 
regimen, the control valves 107 and 109 can operate in a 
number of different ways. For example, if one or more 
pulses of therapeutic gas are to be administered in a breath, 
the proportional control valve 107 can be set to a certain 
opening and the binary control valve 109 can be used to 
provide the pulses of therapeutic gas. In this way, the 
proportional control valve 107 may act as a variable sized 
orifice to control the flow through the binary control valve 
109. The opening of the proportional control valve 107 may 
be increased or decreased from one breath to the next, 
depending on the flow rate desired for the binary control 
valve 109. In one example, a first breath may use the 
proportional control 107 valve at 75% of the maximum 
opening, and a Subsequent breath may use the proportional 
control valve 107 at 50% of the maximum opening. This 
combines the advantages of both valves in that the flow rate 
can be varied with the proportional control valve 107, and at 
the same time the system utilizes the fast response time and 
precision of the binary control valve 109. 
0054. This operation of the proportional control valve 
107 and the binary control valve 109 can be useful for many 
administration schedules. One Such administration schedule 
is one that varies the amount of NO administered to the 
patient each breath. A desired total amount of drug can be set 
by a user, such as an amount of NO to be provided per 
kilogram of ideal body weight per hour (mg/kg IBW/hr). A 
patient’s ideal body weight is a function of a patient's sex 
and height. The device adjusts the amount of drug given per 
breath so that the amount delivered is independent of the 
patient's respiratory rate. The binary and proportional con 
trol valve configuration in FIG. 1 can provide a larger range 
of doses per breath by allowing the flow rate to change, 
rather than solely relying on varying the time that the valve 
is open. This can be particularly important if the timing or 
duration of the NO pulse is critical. Accordingly, in some 
embodiments, one or more pulses of therapeutic gas are 
provided in the first half of inspiration or first third of 
inspiration. 
0055. The memory may store a set of machine-executable 
instructions (or algorithms) for calculating the desired Vol 
ume of the gas pulse and the pulsing schedule to achieve a 
particular patient prescription. For example, if the patients 
breathing rate and the cylinder concentration are known, 
then the CPU 115 can calculate how much volume of 
therapeutic gas needs to be administered each breath or set 
of breaths to provide the desired dosage of nitric oxide. The 
memory may also record the time that the binary control 
valve 109 is open during each pulse, so that future calcula 
tions can take into account how much nitric oxide has 
previously been administered. 
0056. In some embodiments, the memory may store a set 
of machine-executable instructions (or algorithms), when 
executed by the CPU 115, cause the delivery device to 
perform a method comprising: sensing inspiration of a 
patient with a trigger sensor, delivering a pulse of therapeu 
tic gas containing nitric oxide to the patient during inspira 
tion, monitoring the patient’s respiratory rate or changes in 
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the patient’s respiratory rate, and varying the quantity (e.g. 
Volume or mass) of therapeutic gas delivered in a Subsequent 
breath. The machine-executable instructions may also com 
prise instructions for any of the other methods described 
herein. 
0057 The valve configuration in FIG. 1 can also be used 
for administration schedules that provide a constant pulse 
volume or dose each breath, i.e. mL/breath, nmol/breath, 
ng/breath, etc. Here, a single device can be used for patients 
with a wide range of dose requirements because the propor 
tional control valve 107 can be used to set the flow rate or 
supply pressure to the binary control valve 109. Accord 
ingly, even if the flow rate does not change during a single 
patients therapy, the device can still provide a range of 
doses for mL/breath having the same pulse width (i.e. length 
of pulse) and one device can be used for patients having 
different prescriptions. Furthermore, it may be desirable to 
change a given patients therapy amount from one 
mL/breath amount to a different mL/breath amount as the 
patient's respiratory pattern changes. For example, a patient 
may require one dose of mL/breath when awake and a higher 
dose of mL/breath when asleep so that there is not a large 
variation in amount of drug delivered per hour or other time 
period. 
0058. Thus, the combination of a binary control valve 
and a proportional control valve can widen the dosing range 
capability or provide more precise control of NO delivery 
pulse timing to a patient. 
0059. The binary control valve and proportional control 
valve may also be in a parallel configuration, such as the one 
shown in FIG. 2. In FIG. 2, nitric oxide delivery device 200 
has a proportional control valve in parallel with binary 
control valves 209 and 210. As with the device in FIG. 1, the 
nitric oxide delivery device 200 may be connected to a 
therapeutic gas source 203 that provides a Supply of nitric 
oxide or a nitric oxide-releasing agent. Conduit 205 splits 
into three parallel flow paths, with each flow path having a 
different control valve (207, 209, 210) and its own flow 
sensor (221, 223, 225). More or fewer parallel flow paths 
may be used, and binary and proportional control valves 
may be combined in the same flow path. Furthermore, it is 
not necessary for each flow path to have its own flow sensor 
if a flow sensor is placed downstream of the convergence of 
the parallel flow paths or upstream of the divergence of the 
parallel flow paths. 
0060 A control system comprises a CPU 215 which may 
be in communication with each control valve (207, 209, 
210) and each flow sensor (221, 223, 225). The CPU 215 
may also be in communication with user input device 217. 
CPU 215 and user input device 217 may have any of the 
features described above for CPU 115 and user input device 
117 in FIG. 1. 
0061. In FIG. 2, the nitric oxide delivery system 200 
delivers therapeutic gas to a patient using a ventilator 237. 
Flow sensor 227 measures the flow of breathing gas from the 
ventilator 237 through the inspiratory limb 231 and sends a 
signal to CPU 215. CPU 215 then opens one or more control 
valves (207, 209, 210) to provide a flow of therapeutic gas 
through conduit 205, which is combined with the breathing 
gas in injector module 229. The CPU 215 provides a flow of 
therapeutic gas that is proportional (also known as ratio 
metric) to the breathing gas flow rate to provide a desired 
concentration of NO in the combined breathing gas and 
therapeutic gas. The combined therapeutic gas and breathing 
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gas is then delivered to the patient via patient limb. 235, and 
the patient’s expiratory gases are carried through the expi 
ratory limb 233 to the ventilator 237. Although flow sensor 
227 is shown as within injector module 229, it may also be 
placed elsewhere in the inspiratory limb 231, such as 
upstream of the injector module 229. Also, instead of a flow 
sensor 227, the CPU 215 may receive a signal directly from 
the ventilator 237 indicating the flow of breathing gas from 
the ventilator 237. 

0062. The two configurations shown in FIG. 1 and FIG. 
2 are only two examples of therapeutic gas delivery devices 
utilizing binary and proportional control valves. Other con 
figurations can include, but are not limited to: 

0.063 a. two or more parallel flow paths, with each 
flow path having at least one binary control valve and 
at least one proportional control valve in series; 

0.064 b. two or more parallel flow paths, with one or 
more flow paths having at least one binary control 
valve and at least one proportional control valve in 
series and one or more other flow paths having only a 
binary control valve or only a proportional control 
valve; 

0065 c. two or more parallel flow paths, with one or 
more flow paths having a binary control valve and one 
or more flows path having a proportional control valve; 
and 

0.066 d. a binary control valve in series with two or 
more proportional control valves in parallel flow paths. 

0067. One of ordinary skill in the art can envision other 
combinations of binary and proportional control valves in 
parallel and/or in series in accordance with the present 
invention. Furthermore, any of the configurations described 
herein may utilize a variable pressure regulator, either in 
addition to or as an alternative to a proportional control 
valve. For example, instead of a proportional control valve 
and a binary control valve in series, a variable pressure 
regulator placed upstream of the binary control valve may 
provide the same effect. Additionally, instead of configura 
tions that have a binary control valve in parallel with a 
proportional control valve, two binary control valves may be 
in series with either one or both binary control valves having 
a variable pressure regulator upstream. A variable pressure 
regulator may also be used with a proportional control valve. 
In some embodiments, the variable pressure regulator com 
prises a proportional control valve and a pressure sensor. 
0068. In any of the configurations, if more than one 
binary control valve is used, they may have the same or 
different flow rates. It may be advantageous to have one 
binary control valve deliver at a higher flow rate than 
another binary control Vale, such as having one binary 
control valve deliver at 6 L/min and another binary control 
valve deliver at 1 L/min. According to one or more embodi 
ments, at least two binary control valves are used that have 
a flow rate ratio of the low flow rate valve to the high flow 
rate valve in the range from about 1:2 to about 1:10. 
0069. Similarly, if more than one proportional control 
valve is used, they may have the same or different flow 
ranges. For example, a first proportional control valve may 
have a flow rate range from 0.1 to 10 L/min and second 
proportional control valve may have a flow rate range from 
0.005 to 1 L/min. Such an arrangement can maximize the 
accuracy of the therapeutic gas flow delivered by using the 
optimum working ranges for each proportional control 
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valve, i.e. not using the extreme high end or the extreme low 
end of the working range for the valve. 
0070. In some embodiments, whether the control system 
will use one of the binary control valves (209. 210) or the 
proportional control valve (207) to deliver the therapeutic 
gas may depend on the therapeutic gas demand. The “thera 
peutic gas demand” is the amount of therapeutic gas 
required to provide the set NO in the combined flow of 
breathing gas and therapeutic gas. The therapeutic gas 
demand will vary based on the concentration of NO in the 
therapeutic gas, the set NO concentration and the flow rate 
of the breathing gas. If the cylinder concentration is 800 ppm 
NO and the breathing gas flow rate is 10 L/min, then 
approximately 0.5 L/min of therapeutic gas is required to 
provide a delivery concentration of 40 ppm. Accordingly, 
the therapeutic gas demand is 0.5 L/min for this combination 
of cylinder concentration, breathing gas flow rate and deliv 
ery concentration. When the therapeutic gas demand is a 
Small fraction of the maximum therapeutic gas flow rate for 
the proportional control valve 207, the proportional control 
valve 207 may not deliver therapeutic gas with the same 
precision as with higher therapeutic gas demands. If the 
maximum therapeutic gas flow of the proportional control 
valve 207 is 6 L/min, then therapeutic gas demands less than 
1 or 2% of this amount (i.e. less than 0.06 or 0.12 L/min) 
may not be accurately delivered with continuous flow 
through the proportional control valve 207. Thus, it may be 
advantageous to pulse either the proportional control valve 
207 or one or more of the binary control valves (209, 210) 
at these low therapeutic gas demands. Although this pulsing 
technique may not result in continuous real-time therapeutic 
gas delivery that is proportional to the breathing gas flow, it 
can provide a “baseline' average concentration of NO. This 
pulsing technique may be especially useful when the ven 
tilator 237 is outputting a low bias flow or when the nitric 
oxide delivery device is being used with a nasal cannula 
providing a low flow rate of oxygen to a patient. 
0071. Furthermore, in one or more embodiments, one or 
more proportional control valves may be used to deliver a 
pulse or pulses of NO. Such pulse or pulses of NO may be 
used to approximate a constant concentration dose of NO 
over a breath cycle. A device that uses such proportional 
control valve(s) to provide pulse(s) of NO may incorporate 
one or more binary control valves as described above, or 
may include only one or more proportional control valves 
for regulating the flow of NO. As described above, if more 
than one proportional control valve is used, they may have 
the same or different flow ranges. The device may also 
provide pulses of gas through the proportional valves at 
certain flow rates (such as lower flow rates) and provide a 
continuous flow of gas at other flow rates (such as higher 
flow rates). 
0072 Accordingly, in some embodiments, the CPU 215 
uses the proportional control valve 207 at higher therapeutic 
gas demands and one or more of the binary control valves 
(209, 210) at lower therapeutic gas demands. In some 
embodiments, the delivery device 200 delivers a continuous 
flow of therapeutic gas through the proportional control 
valve 207 when the therapeutic gas demand is greater than 
0.1% of the delivery range of the proportional control valve 
207. Such as when the therapeutic gas demand is greater than 
or equal to the following percentages of the delivery range: 
0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 15 or 20% Likewise, in 
some embodiments, the delivery device delivers one or more 
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pulses of therapeutic gas through the binary control valve 
209 or 210 when the therapeutic gas demand is less than 
20% of the delivery range of the proportional control valve 
207. Such as when the therapeutic gas demand is less than or 
equal to the following percentages of the delivery range: 15. 
12, 10,9,8,7,6, 5, 4, 3, 2, 1, 0.5 or 0.1%. Alternatively, the 
delivery system 200 may pulse through the proportional 
control valve 207 when the demand is less than or equal to 
any of the previous percentages, or the delivery system may 
pulse through a binary control valve and proportional con 
trol valve combination that is in series when the therapeutic 
gas demand is low. 
0073. It is not necessary to use the nitric oxide delivery 
device 100 in FIG. 1 for single pulse per breath delivery (i.e. 
mg/kg IBW/hr or mL/breath) or use the nitric oxide delivery 
device 200 in FIG. 2 for constant concentration (either by 
repeatedly pulsing any of the control valves or continuously 
flowing through the proportional control valve). Indeed, any 
of these methods of nitric oxide delivery may use multiple 
binary and proportional control valves in parallel, in series, 
or combinations of both. Depending on the desired nitric 
oxide therapy, any of the devices described herein may have 
the appropriate breath trigger sensor for detecting the breath 
of a spontaneously breathing patient or may be adapted to 
use with a ventilator. Also, reference to “single pulse per 
breath’ therapies encompasses methods that skip one or 
more breaths, in addition to methods that deliver a pulse of 
therapeutic gas every breath. It is also possible to use any of 
the devices described herein for either constant concentra 
tion dosing or pulse per breath dosing. 
0074 Another aspect of the current invention provides a 
method of administering a therapeutic or medical gas, the 
method comprising providing a therapeutic gas delivery 
device comprising at least one binary control valve and at 
least one proportional control valve and delivering thera 
peutic gas to the patient through one or more of the binary 
control valve and the proportional control valve. The thera 
peutic gas delivery device of this method may have any of 
the features previously described for therapeutic gas deliv 
ery devices having both binary and proportional control 
valves, such as having combinations of the valves in series, 
parallel or both. The therapeutic gas may comprise nitric 
oxide or a nitric oxide releasing agent. If the therapeutic gas 
comprises a nitric oxide-releasing agent, then it is preferably 
converted to nitric oxide prior to administering to the 
patient. 
0075 Reference throughout this specification to “one 
embodiment,” “certain embodiments,” “one or more 
embodiments’ or “an embodiment’ means that a particular 
feature, structure, material, or characteristic described in 
connection with the embodiment is included in at least one 
embodiment of the invention. Thus, the appearances of the 

99 & phrases Such as “in one or more embodiments.’ “in certain 
embodiments.’ “in one embodiment' or “in an embodi 
ment' in various places throughout this specification are not 
necessarily referring to the same embodiment of the inven 
tion. Furthermore, the particular features, structures, mate 
rials, or characteristics may be combined in any Suitable 
manner in one or more embodiments. 

0076 Although the invention herein has been described 
with reference to particular embodiments, it is to be under 
stood that these embodiments are merely illustrative of the 
principles and applications of the present invention. It will 
be apparent to those skilled in the art that various modifi 
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cations and variations can be made to the methods and 
devices of the present invention without departing from the 
spirit and scope of the invention. Thus, it is intended that the 
present invention include modifications and variations that 
are within the scope of the appended claims and their 
equivalents. 
What is claimed is: 
1. A therapeutic gas delivery device comprising: 
an inlet to connect to a source of therapeutic gas; 
an outlet to connect to a device that introduces the 

therapeutic gas to a patient; 
at least one binary control valve in fluid communication 

with the inlet and outlet that delivers a constant flow of 
the therapeutic gas; 

at least one proportional control valve in fluid communi 
cation with the inlet and outlet that delivers a variable 
flow of the therapeutic gas; and 

a control system that delivers the therapeutic gas through 
one or more of the binary control valve and the pro 
portional control valve. 

2. The therapeutic gas delivery device of claim 1, wherein 
the binary control valve and the proportional control valve 
are in series such that the combination of the binary control 
valve and the proportional control valve may provide pulses 
of therapeutic gas at varying flow rates. 

3. The therapeutic gas delivery device of claim 2, further 
comprising a pressure sensor, wherein the proportional 
control valve is upstream of the pressure sensor and the 
pressure sensor is upstream of the binary control valve. 

4. The therapeutic gas delivery device of claim 1, wherein 
the binary control valve and the proportional control valve 
are in parallel flow paths. 

5. The therapeutic gas delivery device of claim 1, wherein 
the gas control system delivers the therapeutic gas into a 
flow of breathing gas through one or more of the binary 
control valve and the proportional control valve to provide 
a combined flow of therapeutic gas and breathing gas with 
a Substantially constant concentration of therapeutic gas. 

6. The therapeutic gas delivery device of claim 5, wherein 
the binary control valve and the proportional control valve 
are in parallel flow paths and the control system delivers a 
continuous flow of therapeutic gas through the proportional 
control valve when a therapeutic gas demand is greater than 
or equal to 5% of a delivery range and delivers one or more 
pulses of therapeutic gas through the binary control valve 
when the therapeutic gas demand is less than or equal to 1% 
of the delivery range. 

7. The therapeutic gas delivery device of claim 4, wherein 
the binary control valve is a first binary control valve and the 
therapeutic gas delivery device further comprises a second 
binary control valve in parallel to the first binary control 
valve. 

8. The therapeutic gas delivery device of claim 7, wherein 
the first binary control valve and the second binary control 
valve deliver pulses of therapeutic gas at different flow rates. 
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9. The therapeutic gas delivery device of claim 8, wherein 
the ratio of the flow rate of the first binary control valve to 
the flow rate of the second binary control valve is in the 
range from about 1:2 to about 1:10. 

10. The therapeutic gas delivery device of claim 7. 
wherein the control system delivers multiple pulses per 
breath through one or more of the first binary control valve 
and the second binary control valve. 

11. The therapeutic gas delivery device of claim 1, 
wherein the device that introduces the therapeutic gas to the 
patient is in fluid communication with a ventilator. 

12. The therapeutic gas delivery device of claim 1, 
wherein the device that introduces the therapeutic gas to the 
patient is a nasal cannula, endotracheal tube or a face mask. 

13. The therapeutic gas delivery device of claim 1, 
wherein the control system provides a single pulse in a 
patient’s breath through one or more of the binary control 
valve and the proportional control valve. 

14. The therapeutic gas delivery device of claim 1, 
wherein the source of therapeutic gas comprises nitric oxide 
or a nitric oxide-releasing agent. 

15. A method of administering a therapeutic gas to a 
patient, the method comprising: 

providing a therapeutic gas delivery device having at least 
one binary control valve that delivers a constant flow of 
therapeutic gas and at least one proportional control 
valve that delivers a variable flow of the therapeutic 
gas, and 

delivering therapeutic gas to the patient during inspiration 
through one or more of the binary control valve and the 
proportional control valve. 

16. The method of claim 15, wherein the binary control 
valve and the proportional control valve are in series Such 
that the combination of the binary control valve and the 
proportional control valve may provide pulses of therapeutic 
gas at varying flow rates. 

17. The method of claim 15, wherein the binary control 
valve and the proportional control valve are in parallel flow 
paths. 

18. The method of claim 15, further comprising measur 
ing a flow of breathing gas and delivering the therapeutic gas 
in an amount Substantially proportional to the flow of 
breathing gas. 

19. The method of claim 18, wherein the binary control 
valve and the proportional control valve are in parallel flow 
paths and a continuous flow of therapeutic gas is delivered 
through the proportional control valve when a therapeutic 
gas demand is greater than or equal to 5% of a delivery range 
and one or more pulses of therapeutic gas is delivered 
through the binary control valve when the therapeutic gas 
demand is less than or equal to 1% of the delivery range. 

20. The method of claim 17, wherein the binary control 
valve is a first binary control valve and the therapeutic gas 
delivery device further comprises a second binary control 
valve in parallel to the first binary control valve. 
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