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(PAP) VALUESFROM THE PULMONARY ARTERY WAVEFORM
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MORE OF THE CO ESTIMATESTO STANDARD PAP AND CO
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COMPARISONS OF THE PAP AND CO
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DEVICES, SYSTEMS, AND METHODS FOR PULMONARY ARTERIAL HYPERTENSION (PAH) ASSESSMENT

(57) Abstract: Provided herein are devices,
systems, and methods for assessing, treating,
and for developing new treatments for pul-
monary arterial hypertension (PAH) using
pulmonary artery pressure (PAP) vaues
and/or cardiac output (CO) estimates. The
system for evaluating progress of pulmonary
arterial hypertension (PAH) includes a device
configured to obtain a pulmonary artery pres-
sure waveform, a processor, and a memory
coupled to the processor. The memory causes
the processor to receive the pulmonary artery
pressure waveform, determine one or more
pulmonary artery pressure (PAP) values, and
estimate cardiac output (CO).
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Devices, Systems, and M ethods for Pulmonary Arterial Hypertension (PAH)

Assessment and Treatment

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims benefit of U.S. Provisional Application No. 61/728,913, filed
November 21, 2012, and U.S. Provisional Application No. 61/799,536, filed March 15, 2013,

each of which is hereby incorporated herein by reference in its entirety.

TECHNICAL FIELD
This application generally relates to devices, systems, and methods for the assessment
and treatment of pulmonary arterial hypertension (PAH).

BACKGROUND
Pulmonary arteria hypertension (PAH) is aprogressive disease that results in elevation
of the pulmonary artery pressure and ultimately development of right ventricular failure.
Baseline and periodic invasive hemodynamics viaright heart catheterization are generally
obtained in order to characterize and follow the extent of hemodynamic derangement, response

to therapy, and as an end point in clinical trials of novel therapy.

SUMMARY

Provided herein are methods for assessing, treating, and for developing new treatments
for PAH.

For example, provided are methods for evaluating progress of pulmonary arterial
hypertension (PAH) in asubject, or an outcome in a subject having PAH. Example methods
include obtaining apulmonary artery pressure waveform from the subject. One or more
pulmonary artery pressure (PAP) values are determined from the pulmonary artery waveform.
Cardiac output (CO) is estimated using the pulmonary artery pressure waveform. One or more of
the PAP values and one or more of the CO estimates are compared to standard PAP and CO
values respectively. The comparisons of PAP and CO are used to monitor the PAH progression
or outcome in the subject.

An agent can be administered to the subject, and determined PAP values and estimated
CO values, in combination, can be used for evaluating treatment of a subject having PAH. In
thisregard, an example method includes administering an agent to the subject and obtaining a

pulmonary artery pressure waveform from the subject. One or more pulmonary artery pressure



10

15

20

25

30

WO 2014/081958 PCT/US2013/071294

2

(PAP) values are determined from the pulmonary artery waveform. Cardiac output (CO) is
estimated using the pulmonary artery pressure waveform. One or more of the PAP values and
one or more of the CO estimates are compared to standard PAP and CO values respectively, for
example, to determine trends in PAP values and CO estimates in the subject. The comparisons
of PAP and CO, for example trends, are used to monitor the effect of the administered agent on
the PAH condition in the subject.

Additional methods for evaluating treatment of a subject having PAH include
administering an agent to the subject and obtaining a pulmonary artery pressure waveform from
the subject. One or more pulmonary artery pressure (PAP) values are determined from the
pulmonary artery waveform and are compared to a standard PAP value. The comparison of PAP
isused to monitor the effect of the administered agent on the PAH condition in the subject. A
decrease in the one or more determined PAP values compared to the PAP standard, for example
adecreasing trend in the subject's PAP values, indicates a beneficial effect of the administered
agent on the PAH condition in the subject. An increase in the one or more determined PAP
values compared to the PAP standard, for example an increasing trend in the subject's PAP
values, indicates no beneficial effect of the administered agent on the PAH condition in the
subject.

Additional methods for evaluating treatment of a subject having PAH include
administering an agent to the subject and obtaining a pulmonary artery pressure waveform from
the subject. Cardiac output (CO) is estimated using the pulmonary artery pressure waveform and
compared to a standard CO value. The comparison of CO isused to monitor the effect of the
administered agent on the PAH condition in the subject. In this method, an increase in the one or
more estimated CO values compared to the CO standard, for example an increasing trend in the
subject's CO estimates, indicates abeneficial effect of the administered agent on the PAH
condition in the subject. A decrease in the one or more estimated CO values compared to the
CO standard, for example a decreasing trend in the subject's CO estimated values, indicates no
beneficial effect of the administered agent on the PAH condition in the subject.

Optionally, the standard PAP value in the methods described herein isone or more
previously determined PAP values from the subject. For example, the standard isoptionally a
PAP value determined by obtaining apulmonary artery pressure waveform from the subject and
using that waveform to determine the PAP value. In thisway, trends in PAP values in the
subject can be monitored. These trends are optionally used to monitor PAH progression or

outcome in the subject.
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For example, alowering trend in PAP values over time in, optionally, asubject having
PAH, indicates improvement in the PAH condition. This can also optionally indicate improved
outcome in the subject, such as, for example, reduced hospitalizations, lower mortality, or lower
morbidity.

The trends of PAP are optionally combined with the determination and monitoring of
trends in CO in the subject to evaluate the progress of PAH in the subject. For example, the
standard CO value, which can be used to determine such trends, is optionally based on one or
more previously estimated CO values from the subject, or established normal ranges. A rising
trend in CO estimates over time in, optionally, a subject having PAH, indicates improvement in
the PAH condition. This can aso optionaly indicate or predict improved outcome in the
subject, such as, for example, reduced hospitalizations, lower mortality, lower morbidity, or
improved exercise tolerance. The standard PAP or CO value can also optionally be established
normal hemodynamic values, such as PAP and/or CO values. Norma hemodynamic values
include normal values for agiven subject or population.

Also provided are methods of processing a pulmonary artery pressure waveform, for
example, apulmonary artery pressure waveform obtained from a subject having PAH.
Examples methods of processing apulmonary artery pressure waveform can include obtaining a
pulmonary artery pressure waveform from a device configured to obtain apulmonary artery
pressure waveform from a subject; determining one or more pulmonary artery pressure (PAP)
values from the pulmonary artery waveform; estimating cardiac output (CO) using the
pulmonary artery pressure waveform; comparing one or more of the PAP values and one or more
of the CO estimates to standard PAP and CO values respectively; and generating one or more
outputs based on the comparisons of PAP and CO. Example outputs include indicators or
predictors of improvement or worsening of the PAH in the subject (e.g., probabilities, scores,
subject status indicators, trend values for PAP and/CO, graphs plotting values for PAP and/CO,
etc.), instructions for treatment (e.g., instructions for administration of apharmaceutical agent),
or combinations thereof.

Also provided are systems for practicing the methods described herein, including systems
for evaluating progress of pulmonary arterial hypertension (PAH) in a subject, or an outcome in
a subject having PAH. Example systems can comprise adevice (e.g., an implantable device,
such as apressure sensor implanted in the pulmonary artery of a subject) configured to obtain a
pulmonary artery pressure waveform; aprocessor; and amemory operably coupled to the
processor. The memory can include computer-executable instructions stored thereon that, when

executed by the processor, cause the processor to receive the pulmonary artery pressure
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waveform; determine one or more pulmonary artery pressure (PAP) values from the pulmonary
artery waveform; estimate cardiac output (CO) using the pulmonary artery pressure waveform;
compare one or more of the PAP values and one or more of the CO estimates to standard PAP
and CO values respectively; and provide one or more outputs based on the comparisons of PAP
and CO. Example outputs include indicators or predictors of improvement or worsening of the
PAH in the subject (e.g., probabilities, scores, subject status indicators, trend values for PAP
and/CO, graphs plotting values for PAP and/CO, etc.), instructions for treatment (e.g.,
instructions for administration of apharmaceutical agent), or combinations thereof.

The details of one or more embodiments are set forth in the accompanying drawings and
the description below. Other features, objects, and advantages will be apparent from the

description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1isagraph showing monitoring of PAP in a subject with PAH prior to and
subsequent to administration of therapy to the subject.

FIGs. 2A and 2B are graphs showing consistent and accurate CO measurements using an
implantable sensor as described herein.

FIG. 3isagraph showing CO agreement with pressure changes.

FIG. 4 isagraph showing trends in CO, mPAP and TPR in aPAH subject before and
after administration of treatment agents.

FIG. 5isagraph showing estimated Cardiac Output.

FIGs. 6A and 6B are graphs illustrating CO measurement Bland-Altman Agreement with
an implantable CardioMEM S® (Atlanta, GA) sensor versus a CO reference standard.

FIG. 7isaflow diagram illustrating example operations for processing a pulmonary
artery pressure waveform.

FIG. 8isan example computing device.

DETAILED DESCRIPTION
Progressive right ventricular failure is a common consequence of PAH and isthe leading
cause of premature death. Inthe original NIH pulmonary hypertension registry, aprognostic
equation was developed that included right atrial pressure, pulmonary artery pressure, and
cardiac index. Right atrial pressure, cardiac index, and PAP were significant factors with respect
to outcome, listed in order of statistical importance. While RA pressure has a high correlation
with outcomes, this isbecause it isadirect symptom of RV failure, which occurs in the latter

stage of the disease progression when treatment options are limited, and RV failure has ahigh
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correlation with outcomes. However, the diagnostic usefulness of this parameter in the earlier
stages of the disease progression is limited.

CO and PAP provide an indication of the ventricular stroke work, which when elevated
over extended timeframes, overloads the RV and accelerate RV failure. Calculated parameters
such as Stroke Work (mPAP x Stroke Volume) and Total Pulmonary Resistance (TPR)
(mPAP/CO) use PAP and CO together to provide an assessment of the RV workload.

Pulmonary artery pressure and pulmonary arterial pressure are used synonymously throughout.

Example inventions described herein are based on the use of PAP, CO, and other relevant
metrics calculated from these parameters such as Stroke Work and TPR, aone or in
combination, can be used to assess, treat, and develop new treatments for PAH and heart failure
resulting from PAH. The provided methods are optionally used for evaluating progress of
pulmonary arterial hypertension (PAH) in a subject, or an outcome in a subject having PAH.

The methods described herein are optionally used to develop atherapeutic agent. The
term "developing” or "development” asused herein in reference to therapeutics are broad terms
that include, by way of example and not limitation, prospective design, or selection, of one or
more potential therapeutic methods or compounds or retrospective study of one or more
therapeutic methods or compounds or design of studies of such therapeutic methods or
compounds. In thisregard, to develop or development of atherapeutic can include, for example,
changes to an active ingredient or formulation and also includes, for example, study design for a
therapeutic. Optionally, study design isfor aclinica trial and development of astudy design can
include establishing trial metrics or trial durations.

The methods described herein can also be used to identify a candidate therapeutic agent
for administration to apatient. All or asubset of the hemodynamic data, such as, for example,
CO estimates and/or PAP values, can be correlated with the candidate therapeutic agent to
indicate apredicted change in one or more hemodynamic values in the patient that would result
from administration of the candidate agent. The predicted change can be used to indicate the
predicted effect of the candidate agent on the hemodynamic parameter of the subject.

A change in one or more of the measured hemodynamic values, such as, for example, CO
estimates and/or PAP values resulting from the administration of the therapeutic agent can be
identified, the change indicating an effect of the therapeutic agent on the hemodynamic
parameter of the subject. Optionally, the hemodynamic data comprises &t |east one
hemodynamic value measured in a subject prior to administration of the therapeutic agent.
Optionally, the hemodynamic data comprises at least one hemodynamic value measured in a

subject concurrent with administration of the therapeutic agent. Optionally, the hemodynamic
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data comprises at least one hemodynamic value measured in a subject subsequent to
administration of the therapeutic agent. Optionally, the hemodynamic data comprises at |east
one hemodynamic value measured in asubject prior to administration of the therapeutic agent
and & least one hemodynamic value measured in a subject subsequent to administration of the
therapeutic agent. In some aspects, one or more additional therapeutic agents are administered to
the subject prior to, concurrently with, or subsequent to the therapeutic agent.

Optionally, the therapeutic agent can be modified to increase the indicated effect. For
example, if the indicated effect is desired, the structure of the therapeutic agent can be modified
to increase the indicated effect. The therapeutic agent can also be modified to decrease the
indicated effect. For example, if the indicated effect isnot desirable, then the structure of the
therapeutic agent can be modified to decrease the indicated effect. Moreover, an administration
characteristic of the therapeutic agent can be modified to increase or decrease the indicated
effect.

The administration characteristic can be selected from the group consisting of dosage
amount, number of doses, timing of doses, route of administration, and total dosage. When the
indicated effect isto be increased or decreased, one or more portions of the therapeutic agent
responsible for the indicated effect can be determined. Optionally, a second therapeutic agent
including the one or more portions of the therapeutic agent responsible for the indicated effect
can be designed.

Theindicated effect can used to assess safety of the therapeutic agent for administration
to amammal or population thereof. In some examples, the indicated effect isused to assess the
toxicity of the therapeutic agent for administration to amammal or population thereof.
Optionally, the toxicity is cardiac toxicity. The indicated effect can also be used to assess the
efficacy of the therapeutic agent for administration to amammal or population thereof. And, the
indicated effect can also be used to predict the effect or effects of the therapeutic agent or agents
having the same or similar pharmacological characteristics on the hemodynamic parameter.
Optionally, the indicated effect isused to predict the effect or effects of the therapeutic agent or
agents having the same or similar pharmacological characteristics on ahemodynamic parameter
of amammal. In some aspects, the indicated effect is used to determine an end point for a
clinical trial.

The described methods can further comprise determining one or more characteristics of
the subject. The determined characteristic can be aphysical, physiologic, metabolic,
chronological, disease state, drug administration history, medical history, or genetic

characteristic.
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The characteristic can be correlated with the indicated effect in the subject. The
correlation of the characteristic and the indicated effect in the subject can be used to select one or
more additional subjects for administration of the therapeutic agent or for atherapeutic agent
having the same or similar indicated effect. The correlation of the characteristic and the
indicated effect can also be used to select one or more additional subjects to participate in a
clinical tria for the therapeutic agent or for atherapeutic agent having the same or similar
indicated effect.

These determinations can be used to facilitate development of atherapeutic by efficiently
identifying preferred dosages that are correlated to improved physiological datafor clinical
trials. The determinations can also be used for determining proper dosages of commercial
products for general and specific populations of subjects. For example, the described methods
can beused to arrive a dosing levels based on patient/subject profiles including, but not limited
to, pulmonary artery pressure response and/or cardiac output response to a study or commercial
drug or with other hemodynamic metrics alone or in combination with characteristics such as
age, weight and concurrent drug administration or drug-drug interaction. Example methods for
facilitating development of therapeutics include methods for evaluating progress or outcome in
PAH subjects, and for evaluating treatment in PAH subjects. These methods can also be used in
clinical treatment and management of subjects.

Example methods include obtaining a pulmonary artery pressure waveform from the
subject. One or more pulmonary artery pressure (PAP) values are determined from the
pulmonary artery waveform. Cardiac output (CO) is estimated using the pulmonary artery
pressure waveform. One or more of the PAP values and one or more of the CO estimates are
compared to standard PAP and CO values respectively. The comparisons of PAP and CO are
used to monitor the PAH progression or outcome in the subject.

Optionally, the standard PAP value is one or more previously determined PAP values
from the subject. For example, the standard is optionally a PAP value determined by obtaining a
pulmonary artery pressure waveform from the subject and using that wave form to determine the
PAPvalue. Inthisway, trendsin PAP values in the subject can be monitored. These trends are
optionally used to monitor PAH progression or outcome in the subject.

For example, alowering trend in PAP values over time in, optionally, a subject having
PAH indicates improvement in the PAH condition. This can also optionally indicate improved
outcome in the subject, such as, for example, reduced hospitalizations, lower mortality, or lower

morbidity.
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The trends of PAP are optionally combined with the determination and monitoring of
trends in CO in the subject to evaluate the progress of PAH in the subject. For example, the
standard CO value, which can be used to determine such trends, is optionally based on one or
more previously estimated CO values from the subject.

The standard PAP value can aso optionally be aclinically relevant target PAP value for
the subject and the standard CO value can optionally be aclinically relevant CO target value for
the subject. For example, an optional clinical target standard is a PAP of about 25mmHg.
Optionally, the determined PAP value is less than 25mmHg. The clinically relevant target for
either CO or PAP can be, for example, determined by ahealth care professiona treating or
managing the PAH subject. A clinically relevant target value can be avalue that is anormal
value for the subject, or apopulation of which the subject is amember, or an improved value for
the subject, goa value for the subject, or any other value determined by ahealth care
professional managing the subject.

Optionally, one or more PAP values of the subject determined prior to determining the
PAP value from the obtained pulmonary artery pressure waveform are greater than 25mmHg.
The clinically relevant target for either CO or PAP can be, for example, determined by ahealth
care professional treating or managing the PAH subject.

Thus, trends in PAP and CO can be monitored relative to previous values from the
subject or to clinical target values that may optionally be determined by ahealth care
professional treating or managing the subject.

The trends can be used to determine if the subject isimproving. For example, a decrease
in the one or more PAP values compared to the standard PAP value, combined with one or more
increased or stable CO estimates compared to the standard CO value can indicate or predict
improvement in the subject. In another example, one or more stable PAP values compared to the
standard PAP value, combined with one or more increased CO estimates compared to the CO
standard value indicates or predicts improvement of the PAH in the subject.

Alternatively, a decrease in one or more CO estimates compared to the standard CO
value, combined with one or more increased or stable PAP values compared to the standard PAP
value can indicate or predict worsening of the PAH in the subject. In another example, an
increase in one or more PAP values compared to the standard PAP values, combined with a
stable or decreased CO value compared to the standard CO value indicates or predicts worsening
of the PAH in the subject. Optionally, as described above, trends in PAP values and trends in

CO value are used together to monitor progress or to predict outcome in subjects having PAH.
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In other examples, however, PAP value trends or CO value trends are used independently
to monitor progress or to predict outcomes in subjects having PAH.

For example, amethod for evaluating treatment of a subject having PAH includes
administering an agent to the subject and obtaining a pulmonary artery pressure waveform from
the subject. One or more pulmonary artery pressure (PAP) values are determined from the
pulmonary artery waveform and are compared to a standard PAP value. The comparison of PAP
isused to monitor the effect of the administered agent on the PAH condition in the subject. In
this way, trends in PAP values independent of CO values are used to evaluate treatment of the
subject for the PAH condition. A decrease in the one or more determined PAP values compared
to the PAP standard, for example a decreasing trend in the subject's PAP values, indicates a
beneficial effect of the administered agent on the PAH condition in the subject. Anincreasein
the one or more determined PAP values compared to the PAP standard, for example an
increasing trend in the subject's PAP values, indicates no beneficial effect of the administered
agent on the PAH condition in the subject.

In regard to CO, independent of PAP, an example method for evaluating treatment of a
subject having PAH includes administering an agent to the subject and obtaining apulmonary
artery pressure waveform from the subject. Cardiac output (CO) is estimated using the
pulmonary artery pressure waveform and compared to a standard CO value. The comparison of
CO isused to monitor the effect of the administered agent on the PAH condition in the subject.
In this way, trends in estimated CO values, independent of PAP values, are used to evaluate
treatment of the subject for the PAH condition. In this method, an increase in the one or more
estimated CO values compared to the CO standard, for example an increasing trend in the
subject's CO estimates, indicates abeneficial effect of the administered agent on the PAH
condition in the subject. A decrease in the one or more estimated CO values compared to the
CO standard, for example a decreasing trend in the subject's CO estimated values, indicates no
beneficial effect of the administered agent on the PAH condition in the subject.

In regard to use of determined PAP values and estimated CO values, in combination, for
evaluating treatment of a subject having PAH, an example method includes administering an
agent to the subject and obtaining apulmonary artery pressure waveform from the subject. One
or more pulmonary artery pressure (PAP) values are determined from the pulmonary artery
waveform. Cardiac output (CO) is estimated using the pulmonary artery pressure waveform.
One or more of the PAP values and one or more of the CO estimates are compared to standard

PAP and CO values respectively, for example to determine trends in PAP values and CO
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estimates in the subject. The comparisons of PAP and CO, for exampletrends, are used to
monitor the effect of the administered agent on the PAH condition in the subject.

The trends can be used to determine the effect of the administered agent on the PAH
condition in the subject. For example, a decrease in the one or more PAP values compared to the
standard PAP value, combined with one or more increased or stable CO estimates compared to
the standard CO value can indicates abeneficial effect of the administered agent on the PAH
condition in the subject. In another example, one or more stable PAP values compared to the
standard PAP value, combined with one or more increased CO estimates compared to the CO
standard value indicates abeneficial effect of the administered agent on the PAH condition in the
subject.

Alternatively, a decrease in one or more CO estimates compared to the standard CO
value, combined with one or more increased or stable PAP values compared to the standard PAP
value can indicate no effect or adetrimental effect of the administered agent on the PAH
condition in the subject. In another example, an increase in one or more PAP values compared
to the standard PAP values, combined with a stable or decreased CO value compared to the
standard CO value indicate no effect or a detrimental effect of the administered agent on the
PAH condition in the subject.

The PAP values and or CO estimates can also be used to derive athird value indicative of
progression or treatment of PAH. Inthisregard, as used herein, use of PAP and or CO values
and estimates includes use or other values derived from PAP and CO. Derived metrics include
Stroke Work and TPR, alone or in combination, which are within the definition of the use of CO
and or PAP.

The administration of the pharmaceutical agent, for example, the agent administered,
dosage, timing, protocol, or the like, can be modified or maintained after determining the effect
of the agent of the PAH condition in the subject. For example, administration of the
pharmaceutical agent isoptionally maintained at its current dosage and or dosing regimen when
improvement isindicated. In another example, the pharmaceutical agent is changed, or the
dosage or dosing regimen modified when improvement isnot indicated. In another example, the
information obtained on PAP, CO, or both are used to determine an effective dosage or
administration protocol for the agent or to evaluate the same, for example, in aclinical trial
setting.

Therapeutic goals optionally include lowering or maintaining PAP and/or increase or
maintain CO. Additional therapeutic goals include reducing or maintaining PVR. Optionally
COisincreased while PAP isreduced in the subject. Optionally, CO or PAP isincreased while
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PAP or CO ismaintained respectfully. TPR isused as a surrogate for PVR in the context of
PAH. If the etiology of disease isunderstood by RHC to be PAH with minimal component of
left heart disease, change TPR can then be used to infer changes in PVR.

Also provided are methods of processing a pulmonary artery pressure waveform, for
example, apulmonary artery pressure waveform obtained from a subject having PAH. Referring
now to Figure 7, aflow diagram illustrating example operations 700 for processing apulmonary
artery pressure waveform isprovided. The example operations 700 can optionally be performed
using a general computing device such asthe computing device described in Figure 8 below. At
702, apulmonary artery pressure waveform isobtain or received, for example, from adevice
configured to obtain apulmonary artery pressure waveform from a subject. Optionally, the
pulmonary artery pressure waveform can bereceived directly from the device that obtains the
pulmonary artery pressure waveform from the subject or can bereceived from adevice such as a
storage device, for example, that stores the pulmonary artery pressure waveform. At 704, one or
more pulmonary artery pressure (PAP) values are determined from the pulmonary artery
waveform. At 706, cardiac output (CO) is estimated using the pulmonary artery pressure
waveform. Then, at 708, one or more of the PAP values and one or more of the CO estimates
are compared to standard PAP and CO values respectively. At 710, one or more outputs are
generated based on the comparisons of PAP and CO. Example outputs include indicators or
predictors of improvement or worsening of the PAH in the subject (e.g., probabilities, scores,
subject status indicators, trend values for PAP and/CO, graphs plotting values for PAP and/CO,
etc.), instructions for treatment (e.g., instructions for administration of apharmaceutical agent),
or combinations thereof.

In the described methods, the obtained pulmonary artery pressure waveform is optionally
obtained with awireless sensor implanted in the subject. In addition, one or more of the
standard pulmonary artery pressure values are optionally determined from apulmonary artery
pressure waveform obtained with awireless sensor implanted in the subject. Therefore, the
pulmonary artery pressure waveform is optionally obtained wirelessly and the standard values
can be determined from apulmonary artery waveform obtained wirelessly. In either case, the
pulmonary artery pressure waveform is optionally obtained using an implanted sensor.
Optionally, the implanted sensor is apressure sensor, which is optionally implanted in the
pulmonary artery of the subject. Optionally, the sensor lacks percutaneous connections.
Optionally, the sensor is energized from an external source. Optionally, the sensor is apassive

sensor energized to return pressure readings by an electromagnetic field.
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Because of the nature of the sensors described above, the pulmonary artery pressure
waveform is optionally obtained outside of atypical clinical evaluation environment. For
example, the pulmonary artery waveform isoptionally obtained while the subject is exercising.
Exercising includes any activity of the subject. For example, exercise or exercising includes
activities of daily living, prescribed exercise, walking, biking, running or the like. Optionaly, the
pulmonary artery pressure waveform is obtained while the subject is asleep.

An effective system and sensor for measurement of cardiovascular physiology
information, such as obtaining the pulmonary artery pressure waveform isthe CARDIOMEMS
(Atlanta, GA) heart sensor. Asdescribed by U.S. Patents Nos. 7,699,059 entitled "Implantable
Wireless Sensor" and 7,679,355 entitled "Communicating with an Implanted Wireless Sensor,”
these sensors are MEM S-based sensors that are implanted in the pulmonary artery, more
particularly in the distal pulmonary artery branch and are configured to be energized with RF
energy to return high-frequency, high-fidelity dynamic pressure information from aprecisely-
selected location within apatient's body.

The sensors are optionally used to generate areal-time or substantially real-time pressure
waveform. Via signal acquisition and processing techniques, a pressure waveform is optionally
generated via aprocessor coupled with memory that contains the appropriate algorithm to relate
the electrical characteristics of the circuit to the pressure of the PA.

In parallel or via discrete processors and memory elements, subsequent processing of the
pressure waveform is performed. Summary values for each reading optionally include systolic
PAP, diastolic PAP, mean PAP, heart rate, and estimated cardiac output.

PAP values are optionally determined by analysis of the pressure waveform to determine
the average maximum waveform values for systolic PAP, average minimum waveform values
for diastolic PAP, and average of al waveform values for mean PAP.

Heart Rate is optionally determined in the following manner: Thetiming of repetitive
relevant hemodynamic events within the cardiac cycle, such as optionally the average time
interval between consecutive systolic or diastolic pressure values, isused to determine the
averagetime interval between beats. The average time interval between beats is optionally used
to determine the average heart rate as 60 (min.) / average time interval between beats (s/beat)
to determine the average heart rate in beats per minute.

Cardiac Output (CO) is estimated based on the pulmonary arterial pressure waveform
using the following approach. For each cardiac cycle, the pulmonary arterial pressure waveform

P(t), comprised of an array of consecutive discrete paired pressure (p) and time (t) values, P(t) =
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{(pi,ti), (py,t2). ..}, isoptionally analyzed to identify the following relevant reference pressure

and time points for each beat:

PI1,TI pressure andtime at start of systole and end of diastole.

P2,T2 pressure and time at end of the RV incident wave / beginning of reflected wave
indicated as first upslope pressure incisura after the systolic upslope dP/dT max or
aternatively at the maximum of the pressure beat.

P3,T3 pressure and time at end of systole/end of outflow demarcated by the dicrotic

notch / pulmonic valve closure.

Optionally the pressure waveform features associated with the RV incident pressure

wave, and time parameters during systole are used to determine aproportional estimation of

stroke volume.

The proportional estimate of stroke volume for each beat, can be determined in avariety

of ways, including but not limited to the following:

a.
b.

C.

n.

0.

P2- P1

VP2

\P2-P1)

Maverage(P2,P3))

VP2 X (T3-TI)

MP2-P) x (T3-TI)
Maverage(P2,P3)) x (T3-T1)
VP2 x (T3-T2)

MP2-Pl) x (T3-T2)
Maverage(P2,P3)) x (T3-T2)

. dP/dT max value between T| and T2

Integration of P(t) - Pl, from T1to T2

. Integration of the first derivative of the pressure waveform, dP(t)/dT, from TI to T2.

Integration of MP(t) - PI), from T1to T2.
Integration of vdpP(t)/dT, from T 1to T2.

Alternatively, for estimates which integrate pressure changes over time and which have a

downstream reference pressure (PlI) (1and n) may bereplaced in the equation with avalue that

gradually increases asthe pulmonary vasculature volume increases during filling along the line

that is defined by endpoints P1,T1 and P3,T3, according to the equation;
P(®)[Pi,Ti to psrg = P1+ [(P3-PL)/(T3-T1)] x (t-TI)
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Accordingly, the proportional estimate of stroke volume can also be performed as follows:

p. Integration of P(t) - P(t)pi,Ti , ps1s from TI to T2

g. Integration of V(P(Y) - P®)[pixi ,eersp from T to T2.
Alternatively, for estimates that integrate pressure changes or the square root of pressure changes
over time (1, n,p, and (), integration over the timeframe from T2 to T3 may aso be included,
with exclusion of the portion of the waveform which is attributed to the reflected wave. The
reflected portion of the waveform is delineated by the line defined by endpoints P2, T2 and
P3,T3, defined by the equation;

P(t)[P, 12 to paty = P2 + [(P3-P2)/(T3-T2)] x (t-T2)
Accordingly, the proportional estimate of stroke volume can also be performed as follows:

r. Integration of P(t) - PlI, from TI to T2 plus integration of P()[P2, T2 p3,73; - Pl from

T2to T3.

s. Integration of V(P(t) — PI), from TI to T2 plus integration of V(P®[p2,T2: paTa) - Pl)

from T2to T3.

t. Integration of P(t) - P(t)p1.Tiwps13 from T1 to T2 plus integration of P(t)[P2,T2 1 p3 T3

- PMO)[Pi,Ti wparyg from T2 to T3.

u. Integration of V(P(t) - P(t)[ ;1,1 . pa13]), from TI to T2 plus integration of V(PM)[,, 12 w

p3,T3 - P()[pi,Ti 1o P3,73) from T2 to T3.

A proportional  estimate of stroke volume (SV ,rpes). iSdetermined asthe average of the
compiled proportional  estimates from at least one cardiac cycle. The duration or number of
cardiac cycles for the averaging window can be configured as appropriate to the application.

The minimum average length preferably exceeds the length of at least one respiratory cycle in
order to average variation attributable to the respiratory cycle.

A proportional estimate of cardiac output is determined by multiplying the average
proportional  estimate of stroke volume by the measured average heart rate.

An initia reference cardiac output measurement is performed for method calibration,
typicaly during the sensor implantation procedure using aclinicaly accepted measurement
method such asthermodilution, modified Fick, or Fick. During the same measurement session,
one or more wireless pulmonary arterial pressure waveform readings are collected. An initia
patient specific constant term (Ao) is calculated asthe ratio of the reference cardiac output
measurement  and the proportional estimate of cardiac output determined during the same
measurement  session. This initial patient specific constant term indirectly determines the effects
of other relevant parameters such asthe RV outflow tract cross sectional area (CSA) and the

initial characteristic  impedance during the calibration measurements  (Z,i); Ao= CSA x Z,i.
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This initial patient specific constant term is used as a calibration factor that is multiplied by the
proportional estimate of cardiac output to produce the initial estimated cardiac output value;
coest  zod-~ Apx svpropest X HR.

Asacorollary to Ohm's law for electrical circuits, the relationship between pressure
changes (AP) and flow (Q) is governed by flow impedance (2); AP(i) = Z(t) x Q(t). Thus, the
pressure based proportiona estimate of stroke volume and cardiac output isvalid only without
relevant changes in impedance. This assumption isvalid during short term assessments, as
would bethe case during an initial calibration reading of, for example, 18s length. However,
flow impedance may change over longer timeframes between readings. For this reason, also
accounting for changes in impedance between readings is expected to yield improved model
performance.

Flow impedance has frequency and non-frequency dependent components.

The frequency dependent components of impedance are primarily associated with
reflected, propagated pressure waves which dynamically influence the relationship between
pressure and flow. These frequency dependent effects are incorporated into the model through
the previously presented use of the first upslope incisura as the T2 timepoint in the initia stroke
volume estimate. For example, more prominent reflected pressure waves or faster pressure wave
propagation associated with increased pulmonary vascular impedance results in an earlier first
upslope incisura, which reduces the proportional estimate of stroke volume. Conversely, less
prominent reflected pressure waves or slower pressure wave propagation associated with
reduced pulmonary vascular impedance results in alater first upslope incisura, which results in
an increased proportional estimate of stroke volume.

In one example, changes in the non-frequency dependent, characteristic impedance after
initial calibration are incorporated into the model in order to achieve improved accuracy in the
stroke volume and cardiac output estimates without need for recalibration over extended
timeframes.

The physiological basis for the non-frequency dependent impedance change estimate,
hereafter described as characteristic impedance change, AZ(i), ispresented as follows. The input
stroke volume is abolus injection that is introduced into the pulmonary vasculature during a
minor portion of the total cardiac cycle, indicated by the timeframe from start of systole to the
first upslope incisura (T2-T1). Conversely, the outgoing stroke volume leaves the pulmonary
vascular through the pulmonary capillaries throughout the entire cardiac cycle. During the
relatively short input stroke volume timeframe, aminor portion of the pulmonary vascular blood

volume leaves the pulmonary arterial vasculature through the pulmonary capillary beds,
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approximately (T2-TI)/(Time interval between beats), approximately <10% of the total outgoing
stroke volume. Accordingly, changes in resistance have only aminor impact on the
characteristic impedance during the short T2-T1 timeframe, and the pulmonary vasculature
during the T2-T1 timeframe can be fairly approximated as a closed system, with the major
component of characteristic impedance determined by the pulmonary vascular compliance,
AV/AP.

With increased mean, systolic, or diastolic average pulmonary arterial pressures, the
pulmonary arterial wall strain modulus increases, and compliance decreases in a predictable
manner, due to the mechanical properties of the pulmonary vessels. (Pasierski TJ, CHEST 1993).
Based on this relationship, changes in mean, systolic, or diastolic average pulmonary pressures
from baseline to afollow-up measurement can be used to infer proportional changes in
characteristic impedance from baseline values.

The relationship between average pulmonary arterial pressure changes and proportional
impedance changes was determined heuristically using data obtained from 54 NYHA Class 111
Heart Failure patients with 116 follow-up sets of reference cardiac output measurements and
wireless pulmonary arterial pressure measurements performed amean * st. dev. (min., max) of
463 + 422 (48, 1281) days post implant. The estimated Cardiac Output for follow-up
measurements was determined using the initially determined constant term from baseline (A;),
which does not account for changing impedance: CO,, 0. =Agx SV, ot x HR. The effect of
changing impedance was inferred using a scatter plot of the proportional residua error at follow-
up, defined as (CO._z i - COwf) / CO. 4 %, VS. changes in average pulmonary arterial pressure
from baseline. There was an observed trend of residual error with respect to mean pressure
changes for mean pressure changes in the provided example. The pattern of residua error as a
function of mean pulmonary arterial pressure change over the threshold value from baseline to
follow-up, AmMPAP, was characterized using an exponential regression, with constant term
coefficient, B = -0.025, by the following equation (Fig. 5):

Curve fit for proportional residual error a follow-up =

(Bt 70 - BOVer)y / €Ot 70— 1 - ¢B7 AMPAP) _ | (0025 x AmPAP)
Predicted residua error =
€6t 7 - COret = CObst 70X (1 - QMO0 X AMPARY,
In order to incorporate the impedance change effect, the predicted residua error is subtracted

from coest;,ito produce aco estimate with impedance change effects incorporated, CO . _s1).

£-0.025x(AmPAP\ .
€0at 70 = €6t 70 - €Ot 707 X (1 - @ COPXAMPAR (0 ¢ 40, X §O0B X AMPAP)
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Finally, it should be noted that model coefficients, such asbut not limited to the mean
pressure threshold value and exponential curve fit coefficient (B), can be used to optimize results
based on best fit for agiven population or individual patient, using sets of pressure waveform
data and CO reference values measured at more than one time with relevant CO change between
measurements.

FIG. 6 shows Bland-Altman charts of CO estimate agreement with reference CO
measurements performance using pressure data obtained from a CardioMEMS® (Atlanta, GA)
wireless implantable sensor. The left hand chart shows consistent accuracy agreement across the
measurement range. The right hand chart shows consistent accuracy agreement over extended
timeframes.

It should be appreciated that the methods and associated signal processing and logical
operations described herein can beimplemented (1) as a sequence of computer implemented acts
or program modules (i.e., software) running on acomputing device, (2) as interconnected
machine logic circuits or circuit modules (i.e., hardware) within the computing device and/or (3)
a combination of software and hardware of the computing device. Thus, the methods and
associated signal processing and logical operations discussed herein are not limited to any
specific combination of hardware and software. The implementation is a matter of choice
dependent on the performance and other requirements of the computing device. Accordingly,
the methods and associated signal processing and logical operations described herein are referred
to variously as operations, structural devices, acts, or modules. These operations, structural
devices, acts and modules may be implemented in software, in firmware, in special purpose
digital logic, and any combination thereof. It should also be appreciated that more or fewer
operations may be performed than shown in the figures and described herein. These operations
may also be performed in a different order than those described herein.

When the methods and associated signal processing and logical operations described
herein are implemented in software, the process may execute on any type of computing
architecture or platform. For example, referring to Figure 8, an example computing device upon
which embodiments of the invention may be implemented isillustrated. The computing device
800 may include abus or other communication mechanism for communicating information
among various components of the computing device 800. In its most basic configuration,
computing device 800 typically includes at |east one processing unit 806 and system memory
804. Depending on the exact configuration and type of computing device, system memory 804
may be volatile (such asrandom access memory (RAM)), non-volatile (such as read-only

memory (ROM), flash memory, etc.), or some combination of the two. This most basic
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configuration isillustrated in FIG. 8 by dashed line 802. The processing unit 806 may be a
standard programmable processor that performs arithmetic and logic operations necessary for
operation of the computing device 800.

Computing device 800 may have additional features/functionality. For example,
computing device 800 may include additional storage such asremovable storage 808 and non-
removable storage 810 including, but not limited to, magnetic or optical disks or tapes.
Computing device 800 may also contain network connection(s) 816 that allow the device to
communicate with other devices. Computing device 800 may also have input device(s) 814 such
as akeyboard, mouse, touch screen, antenna or other systems configured to communicate with a
device configured to obtain a pulmonary artery pressure waveform from a subject, etc. Output
device(s) 812 such asadisplay, speakers, printer, etc. may also be included. The additional
devices may be connected to the bus in order to facilitate communication of data among the
components of the computing device 800. All these devices are well known in the art and need
not be discussed at length here.

The processing unit 806 may be configured to execute program code encoded in tangible,
computer-readable media. Computer-readable media refers to any media that is capable of
providing datathat causes the computing device 800 (i.e., amachine) to operate in a particular
fashion. Various computer-readable media may be utilized to provide instructions to the
processing unit 806 for execution. Common forms of computer-readable media include, for
example, magnetic media, optical media, physical media, memory chips or cartridges, a carrier
wave, or any other medium from which acomputer can read. Example computer-readable media
may include, but isnot limited to, volatile media, non-volatile media and transmission media.
Volatile and non-volatile media may be implemented in any method or technology for storage of
information such as computer readable instructions, data structures, program modules or other
data and common forms are discussed in detail below. Transmission media may include coaxial
cables, copper wires and/or fiber optic cables, aswell as acoustic or light waves, such asthose
generated during radio-wave and infra-red data communication. Example tangible, computer-
readable recording media include, but are not limited to, an integrated circuit (e.g., field-
programmable gate array or application-specific 1C), ahard disk, an optical disk, a magneto-
optical disk, afloppy disk, amagnetic tape, aholographic storage medium, a solid-state device,
RAM, ROM, dectrically erasable program read-only memory (EEPROM), flash memory or
other memory technology, CD-ROM, digital versatile disks (DVD) or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices.
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In an example implementation, the processing unit 806 may execute program code stored
in the system memory 804. For example, the bus may carry datato the system memory 804,
from which the processing unit 806 receives and executes instructions. The data received by the
system memory 804 may optionally be stored on the removable storage 808 or the non-
removable storage 810 before or after execution by the processing unit 806.

Computing device 800 typically includes avariety of computer-readable media.
Computer-readable media can be any available media that can be accessed by device 800 and
includes both volatile and non-volatile media, removable and non-removable media. Computer
storage media include volatile and non-volatile, and removable and non-removable media
implemented in any method or technology for storage of information such as computer readable
instructions, data structures, program modules or other data. System memory 804, removable
storage 808, and non-removable storage 810 are all examples of computer storage media.
Computer storage media include, but are not limited to, RAM, ROM, electricaly erasable
program read-only memory (EEPROM), flash memory or other memory technology, CD-ROM,
digital versatile disks (DVD) or other optical storage, magnetic cassettes, magnetic tape,
magnetic disk storage or other magnetic storage devices, or any other medium which can be used
to store the desired information and which can be accessed by computing device 800. Any such
computer storage media may be part of computing device 800.

It should be understood that the various techniques described herein may be implemented
in connection with hardware or software or, where appropriate, with a combination thereof.
Thus, the methods, systems, and associated signal processing of the presently disclosed subject
matter, or certain aspects or portions thereof, may take the form of program code (i.e.,
instructions) embodied in tangible media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium wherein, when the program code is loaded into and
executed by amachine, such as a computing device, the machine becomes an apparatus for
practicing the presently disclosed subject matter. In the case of program code execution on
programmable computers, the computing device generally includes a processor, a storage
medium readable by the processor (including volatile and non-volatile memory and/or storage
elements), at least one input device, and at least one output device. One or more programs may
implement or utilize the processes described in connection with the presently disclosed subject
matter, e.g., through the use of an application programming interface (API), reusable controls, or
the like. Such programs may be implemented in ahigh level procedural or object-oriented

programming language to communicate with a computer system. However, the program(s) can
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be implemented in assembly or machine language, if desired. In any case, the language may be a
compiled or interpreted language and it may be combined with hardware implementations.

Also provided are systems for practicing the methods described herein, including systems
for evaluating progress of pulmonary arterial hypertension (PAH) in a subject, or an outcome in
a subject having PAH. Example systems can comprise adevice configured to obtain a
pulmonary artery pressure waveform; aprocessor; and amemory operably coupled to the
processor. The memory can include computer-executable instructions stored thereon that, when
executed by the processor, cause the processor to receive the pulmonary artery pressure
waveform; determine one or more pulmonary artery pressure (PAP) values from the pulmonary
artery waveform; estimate cardiac output (CO) using the pulmonary artery pressure waveform;
compare one or more of the PAP values and one or more of the CO estimates to standard PAP
and CO values respectively; and provide one or more outputs based on the comparisons of PAP
and CO.

In some examples, the device can be an implantable device, such as apressure sensor
implanted in the pulmonary artery of asubject. Optionally, the deviceis apressure sensor,
which is optionally implanted in the pulmonary artery of the subject. Optionally, the device
lacks percutaneous connections. Optionally, the device is energized from an external source.
Optionally, the device isapassive sensor energized to return pressure readings by an
electromagnetic field.

In some embodiments, the standard PAP value is one or more previously determined
PAP values from the subject, the standard CO value is based on one or more previously
estimated CO values from the subject, or combinations thereof. In certain embodiments, one or
more of the standard pulmonary artery pressure values are optionally determined from a
pulmonary artery pressure waveform obtained with awireless sensor implanted in the subject.
Therefore, in particular embodiments, the pulmonary artery pressure waveform is optionally
obtained wirelessly and the standard values can be determined from apulmonary artery
waveform obtained wirelessly. In other embodiments, the standard PAP value is aclinicaly
relevant target PAP value for the subject, the standard CO value is a clinically relevant CO target
value for the subject, or combinations thereof, as described in more detail above.

Example outputs include indicators or predictors of improvement or worsening of the
PAH in the subject (e.g., probabilities, scores, subject status indicators, trend values for PAP
and/CO, graphs plotting values for PAP and/CO, etc.), physiological parameters (PAP, CO, etc.),
deviation from target values for a subject, instructions for treatment (e.g., instructions for

administration of apharmaceutical agent), or combinations thereof. In one example, the one or
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more PAP values are less than the standard PAP value and the one or more CO estimates are
greater than or approximately equal to the standard CO value, or the one or more PAP values are
approximately equal to the standard PAP value and the one or more CO estimates are greater
than the standard CO value; and the one or more outputs comprise an indicator or predictor of
improvement of the PAH in the subject. In another example, the one or more PAP values are
greater than or approximately equal to the standard PAP value and the one or more CO estimates
are less than the standard CO value, or (ii.) the one or more PAP values are greater than the
standard PAP value and the one or more CO estimates are less than or approximately the
standard CO value; and the one or more outputs comprise an indicator or predictor worsening of
the PAH in the subject.

In certain embodiments, the cardiac output estimate includes aproportional estimate of
flow impedance, based on measured changes in the average pulmonary artery systolic, diastolic,
or mean pressures from initial method calibration to subsequent readings. In some of these
embodiments, the proportional estimate of flow impedance can be provided as an output.

In certain embodiments, the pulmonary artery pressure waveform is optionally obtained
outside of atypical clinical evaluation environment. For example, the pulmonary artery
waveform is optionally obtained while the subject is exercising. Exercising includes any activity
of the subject. For example, exercise or exercising includes activities of daily living, prescribed
exercise, walking, biking, running or the like. Optionally, the pulmonary artery pressure
waveform is obtained while the subject is asleep.

A's described above, provided herein are methods of predicting an outcome, evaluating
progress or improvement, or treating PAH in asubject. Such methods include administering an
effective amount of a pharmaceutical agent to the subject. Optionally, the pharmaceutical agents
are contained within a pharmaceutical composition.

Provided herein are compositions containing the provided pharmaceutical agents and a
pharmaceutically acceptable carrier described herein. The herein provided compositions are
suitable of administration in vitro or in vivo. By pharmaceutically acceptable carrier is meant a
material that isnot biologically or otherwise undesirable, i.e., the material is administered to a
subject without causing undesirable biological effects or interacting in a deleterious manner with
the other components of the pharmaceutical composition in which it is contained. The carrier is
selected to minimize degradation of the active ingredient and to minimize adverse side effects in
the subject.

Suitable carriers and their formulations are described in Remington: The Science and
Practice of Pharmacy, 21st Edition, David B. Troy, ed., Lippicott Williams & Wilkins (2005).
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Typically, an appropriate amount of apharmaceutically-acceptable salt isused in the formulation
to render the formulation isotonic. Examples of the pharmaceutically-acceptable carriers
include, but are not limited to, sterile water, saline, buffered solutions like Ringer's solution, and
dextrose solution. The pH of the solution is generally about 5to about 8 or from about 7 to 7.5.
Other carriers include sustained release preparations such as semipermeable matrices of solid
hydrophobic polymers containing the immunogenic polypeptides. Matrices are in the form of
shaped articles, e.g., films, liposomes, or microparticles. Certain carriers may be more
preferable depending upon, for instance, the route of administration and concentration of
composition being administered. Carriers are those suitable for administration of the agent to
humans or other subjects.

The compositions are administered in anumber of ways depending on whether local or
systemic treatment is desired, and on the areato betreated. The compositions are administered
via any of several routes of administration, including topically, oraly, parenterally,
intravenously, intra-articularly, intraperitoneally, intramuscularly, subcutaneously, intracavity,
transdermally, intrahepatically, intracranially, nebulization/inhaation, or by installation via
bronchoscopy. Optionally, the composition is administered by oral inhalation, nasal inhalation,
or intranasal mucosal administration. Administration of the compositions by inhalant can be
through the nose or mouth via delivery by spraying or droplet mechanism, for example, in the
form of an aerosol.

Preparations for parenteral administration include sterile agueous or non-aqueous
solutions, suspensions, and emulsions. Examples of non-aqueous solvents are propylene glycal,
polyethylene glycol, vegetable oils such as olive oil, and injectable organic esters such as ethyl
oleate. Aqueous carriers include water, alcoholic/agueous solutions, emulsions or suspensions,
including saline and buffered media. Parenteral vehicles include sodium chloride solution,
Ringer's dextrose, dextrose and sodium chloride, lactated Ringer's, or fixed oils. Intravenous
vehicles include fluid and nutrient replenishers, electrolyte replenishers (such as those based on
Ringer's dextrose), and the like. Preservatives and other additives are optionally present such as,
for example, antimicrobials, anti-oxidants, chelating agents, and inert gases and the like.

Formulations for topical administration include ointments, lotions, creams, gels, drops,
suppositories, sprays, liquids, and powders. Conventional pharmaceutical carriers, aqueous,
powder, or oily bases, thickeners and the like are optionally necessary or desirable.

Compositions for oral administration include powders or granules, suspension or
solutions in water or non-aqueous media, capsules, sachets, or tables. Thickeners, flavorings,

diluents, emulsifiers, dispersing aids or binders are optionally desirable.
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According to the methods taught herein, the subject is administered an effective amount
of the agent, or an effective amount, or dosage, or dosage regimen is determined. The terms
effective amount and effective dosage are used interchangeably. The term effective amount is
defined as any amount, for example, to produce a desired physiologic response.

Effective amounts and schedules for administering the agent may be determined using,
for example, PAP and/or CO values and estimates as described herein. The dosage ranges for
administration are those large enough to produce the desired effect in which one or more
symptoms of the disease or disorder are affected (e.g., reduced or delayed). The dosage should
not be so large as to cause substantial adverse side effects, such as unwanted cross-reactions,
anaphylactic reactions, and the like. The dosage may vary with the age, condition, sex, the
extent of the disease or disorder, route of administration, or whether other drugs are included in
the regimen, and can be determined by one of skill in the art. The dosage can be adjusted by the
individual physician in the event of any contraindications. Dosages can vary, and can be
administered in one or more dose administrations daily, for one or severa days. Guidance can
be found in the literature for appropriate dosages for given classes of pharmaceutical products.

In some examples, the effective dosage or amount, or an effective dosage or treatment
regimen or protocol isthat which lowers or maintains PAP and/or that raises or maintains CO a
adesired level. For example, adesired PAP and/or CO level is alevel that is expected to have
an improved outcome compared to aprevious PAP and/or CO level or levelsin an individua or
from a control determined from a population of individuals. Either may bereferred to as a
standard. Therefore, for example, an effective dose or amount is optionally that which reduces
or maintains PAP and/or CO a atherapeutic level that is expected to result in an improved
outcome or in one or more reduced or maintained clinical conditions.

Asused herein, the terms treatment, treat, or treating refers to amethod of reducing the
effects of a disease or condition or symptom of the disease or condition. Thus in the disclosed
method, treatment can refer to a 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100%
reduction in the severity of an established disease or condition or symptom of the disease or
condition. For example, amethod for treating a disease is considered to be atreatment if thereis
a 10% reduction in one or more symptoms of the disease in a subject as compared to a control.
Thus, the reduction can be a 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, or any
percent reduction in between 10% and 100% as compared to native or control levels. Itis
understood that treatment does not necessarily refer to a cure or complete ablation of the disease,

condition, or symptoms of the disease or condition.
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Example 1: Evaluation of PAH treatment using an implantable pressure sensor to
monitor PAP.

A 53 year old black male presented with PAH. Asshown in FIG. 1, the subject initially
presented with a PAP above 30 mm Hg. Asfurther shown in FIG. 1, treatment with Lasix and
then Metolaxone reduced PAP in the subject to below 25 mm Hg. The subject was maintained
between about 25 mmHg and 10 mm Hg. The reduction and maintenance of PAP indicated
successful treatment of PAH in the subject.

Example 2: Hemodynamic parameters for evaluation and monitoring of PAH using
an implantable pressure sensor.

Asshownin FIGs. 2A and B, an implantable pressure sensor, as described herein, was
used to evaluate CO. FIG. 2A indicates measurement of CO is subject having mPAP > 25 and a
PVR >3. Asshown in FIG. 2B, CO was in agreement with PVR across awide PVR range.

FIG. 3 shows CO agreement with small pressure changes. Small mPAP changes (<5mm
Hg) were common, occurring for 55 of 96 (57%) of right heart catheterization subjects. The
level of CO agreement for these patients was comparable with larger mPAP changes. A one
sample equivalence test was performed to compare the results for the low and high pressure
change groups. Thistest demonstrated equivalence to the reference measurements with an
equivalence margin of 0.5L/min.

FIG. 4 shows use of the implantable sensors described herein to determine changesin
CO, TPR and PAP after medication revisions in subjects having PAH. As shown, the estimated
CO was shown to rise after medication revision, while the TPR and mPAP were reduced. The
data show the progression of PAH in subject following treatment. The data show trends in
mMPAP, CO and TPR in a subject with PAH. The data further show the combined use of mPAP,
CO and TPR trends in monitoring a subject having PAH prior and subsequent to administration
of atreatment to the subject.

FIG. 5 shows the estimated Cardiac Output during the follow-up measurement was
determined using the initially determined constant term from baseline (A ), which does not
account for changing impedance: CO_t-zo.. = A; X SV ppest X HR. The effect of changing
impedance was inferred by a scatter plot of the proportional residual error at follow-up, defined
as (Coest 70, - coref) / CO_t 20, relative to changes in average pulmonary arterial pressure from
baseline. There was an observable trend of residual error with respect to mean pressure changes
for mean pressure changes over athreshold value, over 25mm Hg in the provided example. The

pattern of residua error as a function of mean pulmonary arterial pressure change over the
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threshold value from baseline to follow-up, AntPAP, was characterized using an exponential
regression, with constant term coefficient B = 0.03.

FIGs. 6A and 6B show Bland-Altman charts of CO estimate agreement with reference
CO measurements performance using pressure data obtained from a CardioMEMS® (Atlanta,
GA) wireless implantable sensor. FIG. 6A shows consistent accuracy agreement across the
measurement range. FIG. 6B shows consistent accuracy agreement over extended timeframes.

Disclosed are materials, compositions, and components that can be used for, can be used
in conjunction with, can be used in preparation for, or are products of the disclosed methods and
compositions. These and other materias are disclosed herein, and it isunderstood that when
combinations, subsets, interactions, groups, etc. of these materials are disclosed that while
specific reference of each various individual and collective combinations and permutations of
these compounds may not be explicitly disclosed, each is specifically contemplated and
described herein. For example, if amethod is disclosed and discussed and a number of
modifications that can be made to anumber of molecules including the method are discussed,
each and every combination and permutation of the method, and the modifications that are
possible are specificaly contemplated unless specifically indicated to the contrary. Likewise,
any subset or combination of these is also specifically contemplated and disclosed. This concept
appliesto all aspects of this disclosure including, but not limited to, steps in methods using the
disclosed compositions. Thus , if there are avariety of additional steps that can be performed, it
isunderstood that each of these additional steps can be performed with any specific method steps
or combination of method steps of the disclosed methods, and that each such combination or
subset of combinations is specificaly contemplated and should be considered disclosed.

Publications cited herein and the material for which they are cited are hereby specifically

incorporated by reference in their entireties.
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WHATISCLAIMED ISs:
1 A system for evaluating progress of pulmonary arterial hypertension (PAH) in a
subject, or an outcome in a subject having PAH, comprising:
(8) adevice configured to obtain apulmonary artery pressure waveform;
(b) aprocessor; and
(c) amemory operably coupled to the processor, the memory having further computer-
executable instructions stored thereon that, when executed by the processor, cause
the processor to:
i. receive the pulmonary artery pressure waveform;
ii.  determine one or more pulmonary artery pressure (PAP) values from the
pulmonary artery waveform;
iii.  estimate cardiac output (CO) using the pulmonary artery pressure waveform;
iv.  compare one or more of the PAP values and one or more of the CO estimates
to standard PAP and CO values respectively; and

V. provide one or more outputs based on the comparisons of PAP and CO.

2. The system of claim 1, wherein the standard PAP vaue is one or more previously
determined PAP values from the subject.

3. The system of claim 1or 2, wherein the standard CO value isbased on one or more

previously estimated CO values from the subject.

4. The system of claim 1, wherein the standard PAP value isaclinically relevant target
PAP value for the subject.
5. The system of claim 1or 4, wherein the standard CO value isaclinically relevant

CO target value for the subject.

6. The system of any of claims 1-5, wherein (i.) the one or more PAP values are less
than the standard PAP value and the one or more CO estimates are greater than or
approximately equal to the standard CO value, or (ii.) the one or more PAP values are
approximately equal to the standard PAP value and the one or more CO estimates are
greater than the standard CO value; and

wherein the one or more outputs comprise an indicator or predictor of improvement

of the PAH in the subject.
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7. The system of any of claims 1-5, wherein (i.) the one or more PAP values are greater
than or approximately equal to the standard PAP value and the one or more CO estimates
are less than the standard CO value, or (ii.) the one or more PAP values are greater than the
standard PAP value and the one or more CO estimates are less than or approximately the
standard CO value; and

wherein the one or more outputs comprise an indicator or predictor worsening of the
PAH in the subject

8. The system of any of claims 1-7, wherein the one or more outputs comprise atrend

in PAP in the subject, atrend in CO in the subject, or a combination thereof.

9. The system of any of claims 1-8, wherein the one or more outputs comprise

instructions for treatment.

10. The system of any of claims 1-9, wherein the one or more outputs comprise

instructions for administration of apharmaceutical agent.

11.  The system of any of claims 1-10, wherein one or more of the standard pulmonary
artery pressure values are determined from apulmonary artery pressure waveform obtained

with awireless sensor implanted in the subject.

12.  The system of any of claims 1-11, wherein the device comprises an implantable

device.

13. The system of any of claims 1-12, wherein the device comprises awireless sensor

implanted in the subject.

14. The system of claim 13, wherein the implanted sensor is apressure sensor.

15. The system of claim 14, wherein the pressure sensor isimplanted in a pulmonary

artery.

16. The system of claim 15, wherein the sensor lacks percutaneous connections.
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17. The system of claim 16, wherein the sensor is energized from an external source.

18. The system of claim 17, wherein the sensor is apassive sensor energized to return

pressure readings by an electromagnetic field.

19. The system of any of claims 1-18, wherein the pulmonary artery pressure waveform

iswirelessy from the sensor.

20. The system of any of claims 1-19, wherein the pulmonary artery pressure waveform

comprises apulmonary artery pressure waveform obtained while the subject is exercising.

21 The system of any of claims 1-19, wherein the pulmonary artery pressure waveform

comprises apulmonary artery pressure waveform obtained while the subject is asleep.

22. The system of any of claims 1-21, wherein the cardiac output estimate includes a
proportional estimate of flow impedance, based on measured changes in the average
pulmonary artery systolic, diastolic, or mean pressures from initial method calibration to

subsequent readings.

23. A method of processing apulmonary artery pressure waveform, comprising:

() obtaining apulmonary artery pressure waveform from adevice configured to obtain
apulmonary artery pressure waveform from a subject;

(b) determining one or more pulmonary artery pressure (PAP) values from the
pulmonary artery waveform;

(c) estimating cardiac output (CO) using the pulmonary artery pressure waveform;

(d) comparing one or more of the PAP values and one or more of the CO estimates to
standard PAP and CO values respectively; and

(e) generating one or more outputs based on the comparisons of PAP and CO.

24. The method of claim 23, wherein the standard PAP value is one or more previously

determined PAP values from the subject.

25. The method of claim 23 or 24, wherein the standard CO value is based on one or

more previously estimated CO values from the subject.
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26. The method of claim 23, wherein the standard PAP value is a clinically relevant
target PAP value for the subject.

27. The method of claim 23 or 26, wherein the standard CO value is aclinically relevant
CO target value for the subject.

28. The method of any of claims 23-27, wherein (i.) the one or more PAP values are less
than the standard PAP value and the one or more CO estimates are greater than or
approximately equal to the standard CO value, or (ii.) the one or more PAP values are
approximately equal to the standard PAP value and the one or more CO estimates are
greater than the standard CO value; and

wherein the one or more outputs comprise an indicator or predictor of improvement
of the PAH in the subject.

29. The method of any of claims 23-27, wherein (i.) the one or more PAP values are
greater than or approximately equal to the standard PAP value and the one or more CO
estimates are less than the standard CO value, or (ii.) the one or more PAP values are
greater than the standard PAP value and the one or more CO estimates are less than or
approximately the standard CO value; and

wherein the one or more outputs comprise an indicator or predictor worsening of the
PAH in the subject

30. The method of any of claims 23-29, wherein the device comprises awireless sensor

implanted in the subject.

31 Themethod of any of claims 23-30, wherein one or more of the standard pulmonary
artery pressure values are determined from apulmonary artery pressure waveform obtained

with awireless sensor implanted in the subject.

32. The method of any of claims 23-3 1, wherein the pulmonary artery pressure

waveform is obtained wirelessly.

33. The method of claim 32, wherein the pulmonary artery pressure waveform is

obtained using an implanted sensor.
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34. The method of claim 33, wherein the implanted sensor is a pressure sensor.

35. The method of claim 34, wherein the pressure sensor isimplanted in apulmonary

artery.

36. The method of claim 35, wherein the sensor lacks percutaneous connections.

37. The method of claim 36, wherein the sensor is energized from an external source.

38. The method of claim 37, wherein the sensor is apassive sensor energized to return

pressure readings by an electromagnetic field.

39. The method of any of claims 23-38, wherein the pulmonary artery pressure

waveform is obtained while the subject is exercising.

40. The method of any of claims 23-38, wherein the pulmonary artery pressure

waveform is obtained while the subject is asleep.

41. A method of evaluating progress of pulmonary arterial hypertension (PAH) in a
subject, or an outcome in a subject having PAH, comprising:
() obtaining apulmonary artery pressure waveform from the subject;
(b) determining one or more pulmonary artery pressure (PAP) values from the
pulmonary artery waveform,
(c) estimating cardiac output (CO) using the pulmonary artery pressure waveform;
(d) comparing one or more of the PAP values and one or more of the CO estimates to
standard PAP and CO values respectively; and
(e) using the comparisons of PAP and CO to monitor the PAH progression or outcome

in the subject.

42. The method of claim 41, wherein the standard PAP value is one or more previously
determined PAP values from the subject.
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43. The method of claim 41 or 42, wherein the standard CO value is based on one or

more previously estimated CO values from the subject.

44, The method of claim 41, wherein the standard PAP value is a clinically relevant
target PAP value for the subject.

45, The method of claim 4 1 or 44, wherein the standard CO value is aclinically relevant
CO target value for the subject.

46. The method of claims 41-45, wherein:

a. adecreasein the one or more PAP values compared to the standard PAP
value combined with one or more increased or stable CO estimates compared
to the standard CO value, or

b. one or more stable PAP values compared to the standard PAP value
combined with one or more increased CO estimates compared to the CO

standard value indicates or predicts improvement of the PAH in the subject.

47. The method of claims 41-45, wherein:

a. adecreasein one or more CO estimates compared to the standard CO value
combined with one or more increased or stable PAP values compared to the
standard PAP value, or

b. anincrease in one or more PAP values compared to the standard PAP values
combined with astable or decreased CO value compared to the standard CO

value indicates or predicts worsening of the PAH in the subject.

48. The method of claims 41-47, wherein the obtained pulmonary artery pressure

waveform is obtained with awireless sensor implanted in the subject.

49. The method of claims 41-48, wherein one or more of the standard pulmonary artery
pressure values are determined from a pulmonary artery pressure waveform obtained with a

wireless sensor implanted in the subject.

50. The method of claims 41-49, further comprising administering a pharmaceutical

agent to the subject.
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51.  Themethod of claims 41-50, wherein the pulmonary artery pressure waveform is
obtained wirelessly.

52. The method of claim 51, wherein the pulmonary artery pressure waveform is

obtained using an implanted sensor.

53. The method of claim 52, wherein the implanted sensor is a pressure sensor.

54. The method of claim 53, wherein the pressure sensor isimplanted in apulmonary
artery.

55. The method of claim 54, wherein the sensor lacks percutaneous connections.

56. The method of claim 55, wherein the sensor is energized from an external source.

57. The method of claim 56, wherein the sensor is apassive sensor energized to return

pressure readings by an electromagnetic field.

58. The method of claims 41-57, wherein the pulmonary artery pressure waveform is

obtained while the subject is exercising.

59. The method of claims 41-57, wherein the pulmonary artery pressure waveform is
obtained while the subject is asleep.

60. The method of claim 50, further comprising modifying or maintaining the

administration of the pharmaceutical agent.

61.  Themethod of claim 60, further comprising maintaining administration of the
pharmaceutical agent a its current dosage and or dosing regimen when improvement is
indicated.

62. The method of claim 60, wherein the pharmaceutical agent is changed, or the dosage
or dosing regimen modified when improvement is not indicated.

63. A method for evaluating treatment of a subject having PAH, comprising:
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(8 administering an agent to the subject;

(b) obtaining apulmonary artery pressure waveform from the subject;

(c) determining one or more pulmonary artery pressure (PAP) values from the
pulmonary artery waveform;,

(d) estimating cardiac output (CO) using the pulmonary artery pressure waveform;

(e) comparing one or more of the PAP values and one or more of the CO estimates to
standard PAP and CO values respectively; and

(f) using the comparisons of PAP and CO to monitor the effect of the administered
agent on the PAH condition in the subject.

64. The method of claim 63, wherein the standard PAP value is based on one or more
previously determined PAP values from the subject.

65. The method of claims 63 or 64, wherein the standard CO value is based on one or

more previously estimated CO values from the subject.

66. The method of claim 63, wherein the standard PAP value is aclinically relevant
target PAP value for the subject.

67. The method of claim 63 or 66, wherein the standard CO valueisaclinically
relevant CO target value for the subject.

68. The method of claims 63-67, wherein:

a. adecreasein the one or more PAP values compared to the standard PAP
value combined with one or more increased or stable CO estimates compared
to the standard CO value, or

b. one or more stable PAP values compared to the standard PAP value
combined with one or more increased CO estimates compared to the CO

standard value indicates or predicts improvement of the PAH in the subject.

69. The method of claims 63-67, wherein:
a. adecreasein one or more CO estimates compared to the standard CO value
combined with one or more increased or stable PAP values compared to the
standard PAP value, or
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b. anincrease in one or more PAP values compared to the standard PAP values
combined with astable or decreased CO value compared to the standard CO
value indicates or predicts worsening of the PAH in the subject.

70. The method of claim 63-69, wherein the standard is a PAP of about 25mmHg.

71.  Themethod of claim 70, wherein the obtained reading is less than 25mmHg.

72. The method of claim 71, wherein one or more PAP values of the subject determined
prior to determining the PAP value from the obtained pulmonary artery pressure waveform

are greater than 25mmHg.

73. The method of claims 63-72, wherein the pulmonary artery pressure waveform is
obtained is obtained wirelessly.

74. The method of claim 73, wherein the pulmonary artery pressure waveform is

obtained using an implanted sensor.

75. The method of claim 74, wherein the implanted sensor is a pressure sensor.

76. The method of claim 75, wherein the pressure sensor isimplanted in apulmonary

artery.

77. The method of claim 76, wherein the sensor lacks percutaneous connections.

78. The method of claim 77, wherein the sensor is energized from an external source.

79. The method of claim 78, wherein the sensor is apassive sensor energized to return

pressure readings by an electromagnetic field.

80. The method of claims 63-79, wherein the pulmonary artery pressure waveform is

obtained while the subject is exercising.
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81.  Themethod of claims 63-79, wherein the pulmonary artery pressure waveform is

obtained while the subject is asleep.

82. The method of claims 63-8 1, wherein the monitored effect isused to determine an
effective dosage for the agent.

83. The method of claims 63-82, further comprising modifying or maintaining the

administration of the pharmaceutical agent.

84. The method of claim 83, further comprising maintaining administration of the
pharmaceutical agent a its current dosage and or dosing regimen when improvement is
indicated.

85. The method of claim 83, wherein the pharmaceutical agent is changed, or the dosage

or dosing regimen modified when improvement is not indicated.

86. A method for evaluating treatment of a subject having PAH, comprising:
(8 administering an agent to the subject;
(b) obtaining apulmonary artery pressure waveform from the subject;
(c) determining one or more pulmonary artery pressure (PAP) values from the
pulmonary artery waveform,
(d) comparing one or more of the PAP values to astandard PAP value; and
(e) using the comparison of PAP to monitor the effect of the administered agent on the

PAH condition in the subject.

87. The method of claim 86, wherein the standard PAP value is based on one or more
previously determined PAP values from the subject.

88. The method of claim 86, wherein the standard PAP value is aclinically relevant
target PAP value for the subject.

89. The method of claims 86-88, wherein the obtained pulmonary artery pressure

waveform is obtained with awireless sensor implanted in the subject.
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90. The method of claims 86-89, wherein one or more of the standard pulmonary artery
pressure values are determined from a pulmonary artery pressure waveform obtained with a

wireless sensor implanted in the subject.

91. The method of claims 86-90, wherein a decrease in the one or more determined PAP
values compared to the PAP standard indicates abeneficial effect of the administered agent

on the PAH condition in the subject.

92. The method of claims 86-90, wherein an increase in the one or more determined
PAP values compared to the PAP standard indicates no beneficial effect of the administered
agent on the PAH condition in the subject.

93. A method for evaluating treatment of a subject having PAH, comprising:
(8 administering an agent to the subject;
(b) obtaining apulmonary artery pressure waveform from the subject;
(c) estimating cardiac output (CO) using the pulmonary artery pressure waveform,;
(d) comparing one or more of the estimated CO values to a standard CO value; and
(e) using the comparison of CO to monitor the effect of the administered agent on the

PAH condition in the subject.

94, The method of claim 93, wherein the standard CO value is based on one or more

previously estimated CO values from the subject.

95. The method of claim 93, wherein the standard CO value isaclinically relevant

target CO value for the subject.

96. The method of claims 93-95, wherein the obtained pulmonary artery pressure

waveform is obtained with awireless sensor implanted in the subject.

97. The method of claims 93-96, wherein one or more of the standard CO value is
determined from apulmonary artery pressure waveform obtained with awireless sensor

implanted in the subject.
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98. The method of claims 93-97, wherein an increase in the one or more estimated CO
values compared to the CO standard indicates abeneficial effect of the administered agent

on the PAH condition in the subject.

90, The method of claims 93-97, wherein a decrease in the one or more estimated CO
values compared to the CO standard indicates no beneficial effect of the administered agent

on the PAH condition in the subject.

100. The method of claims 23-99, wherein the cardiac output estimate includes a
proportional estimate of flow impedance, based on measured changes in the average

pulmonary artery systolic, diastolic, or mean pressures from initial method calibration to

subsequent readings.
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