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(57) Abstract: Various methods, devices, and systems are described for aerosolizing a liquid. Embodiments may include sealing
the liquid within a reservoir. An output waveform signal may be generated. A nebulizer element may be vibrated to aerosolize the
liquid. A negative pressure may be produced within the reservoir as the liquid is aerosolized. The output waveform signal may
cause the nebulizer element to vibrate. Embodiments may involve determining a phase shift between a current of the output wave-
form signal and a voltage of the output waveform signal. Also, embodiments may involve adjusting a frequency of the output
waveform signal at least partially based on the phase shift. Further, embodiments may involve adjusting the voltage of the output
waveform signal at least partially based on the frequency of the output waveform signal.
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SYSTEMS AND METHODS FOR DRIVING SEALED NEBULIZERS

CROSS-REFERENCES TO RELATED APPLICATIONS

166611 This Application claims the benefit of U.S. Provisions! Patent Application No.
61/226,591, filed July 17, 2009 entitled SYSTEMS AND METHODS FOR DRIVING SEALED

NEBULIZERS, Astorney Docket Number 015225-012600U8, and is refated to co-pending
¥ g

Provisional Patent Application No. 81/226,567, filed July 17, 2009 enxtitled NEGATIVELY
BIASED SEALED NEBULIZERS SYSTEMS AND METHODS, Attorney Docket No. {215325-

(1250008, the entire disclosures of which is incorporated by reference for all purposes.

BACKGROUND OF THE INVENTION

16602] Embodiments of the present invention relate to nebulizers. In particular, the present

invention relates o nse of a variable voltage and frequency driver for a nebulizer having a sealed
Haguid drug reservoir capable of maintaining a negative internal bias pressure.
80631 A wide variety of procedures have been proposed to deliver a drug to a patient, In some
by
drug delivery procedures the deug is a Hguid and is dispensed in the form of fine liquid droplets

for inhalation by a patient. A pationt miay inhale the drug for absorption through lung ussne.

Further, the droplets forming the atomized mist may need to be very small to travel through

i

small afrways of the lungs. Such a mist may be formed by a nebulizer.

SUMMARY

106041 Varioas systems, methods, and devices are described for driving a nebulizer using &
driver unit. The nebulizer may Include a sealed drug reservoir such that a negative bias pressure
may form within the drug rescrvolr as liqudd is drained from 3. As the nepative bias pressure
changes, the resonant freguency of the nebulizer element may change, A driver may be used t©
drive the nebulizer clement and cause it fo vibrate, The driver may oniputa waveform signal of

varying frequency and magnitude to the nebulizer such that the nebulizer elament vibrates at or
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near & resonant freguency and the nebulizer eloment gtomizes Hauid at a constant or neay

constant rate and droplet size.

{3065} In some embodiments, a method for determining a resonant frequency of an element of 2
nebulizer with a negatively biased liquid reservoir is deseribed. The method may include driving
a nebulizer using an electrical signal, the electrical signal comprising a current and a voltage.

=

The method may include measuring 2 phase hift between the voltage and the current of the

i

also include, based ot least in part on the

o]
£
oo}
y)

clsctrical sipnal driving the nebulizer. The meti

*r.

x

phase shift of the electrical signal driving the nebulizer, determining, a resonant freguency of the

element of the nebulizer.

00861 In some embodiments, the method further comprises based at least in part on the resonant
&

prris

frequency of the nebulizer determined by the driver, determining, a vohagc magmitude for the
electrical signal. In some embodiments, the regatively biased Hyguid reservolr canses the
resonant frequeney of the element of the nebulizer to vary as liquid is drained from the
negatively biased Hauwid reservolr. In some embodiments, the slectrical signal driving the

nebulizer causes the element of the nebulizer to vibrate and atomize liquid stored in the
negatively biased Hauid reservair. In some embodiments, the sethod further comprises based at
least i part on the resonant 'ifr@_c;mmy of the nebuliver determined by the driver, determining, by
the driver, & negative bias prossure within the negatively blased liguid reservoir of the nebulizer
In some embodiments, the method further comprises adjusting the frequency of the electrical

signal to the nebulizer, wherein a voughly constant phase shift is maintained between the voltage
and current of the clectrieal signal. In some embodiments, the voltage magnitude is determined
using a storad st of values, and the stored set of values vary depending on a Hiquid in the

negatively biased liguid reservorr.
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device may include an amplifier, configured to generate an output wavetorm signal, the empu

L

waveform signal comprising an ouipat current and an output voltage, wherein the output
waveform signal drives the element of the nebulizer at the output frequency. The device may
include « phase shift detector, configured w determine the phase shift between the ouiput current

and the output voltage of the output waveform signal. The device may include a resonant
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-

frequency tracker, configured 16 generate a waveform signal of & variable frequency mput to the

/n

amplifier, wherein the variable frequency is adjusted based on the phase shift of the output
waveiorm signal determined by the phase shift detector module. The device may include a
voltage profile, configured to adjust the output voltage of the output waveform signal cutput by

the amplifier based on the frequency of the waveform signal penerated by the resonant frequency

(6688} In some embodiments, a sysiem for atorizing Hguid stored in a negatively bias pressured
Hauid reservoir may be present. The system may include a nebulizer, comprising an element and
the negatively bias pressured Hauid reservelr. The element may be configured to vibrate to
atomize Hauid drained from the negatively bias pressured Houid reservoir. A negative bias
pressure of the negatively biss pressured reservoir may change as Hauid stosed in the nepatively

3

bias pressured Houid reservolr §s drained. The negatively bias pressured reservoir may be sealed

such that air from: the external environment substantially does not enter the negatively bias

pressured reservoir as Hauid stored in the negatively bias pressured Houid reservoir is drained.

The system may include a driver. The driver may include a phase shift detector, configured 10

deternine the phase shift between a current of an output waveform signal and a vollage of'the

ouspus waveform signal. The driver may inelude a resonant frequency tracker, confi gured {0
generate an output waveform that adjusts the frequency of the output wavelorm signal, wherein
the frequency is adjusted based on the phase shift dsma‘minsﬁ. by the phase shift detector module,
The driver may inchude a voltage profile, conflgured to adjust a voltage of the output waveform

sigrial based on the frequency of the output waveform generated by the resonant frequency

pa

tracker.

1

r & liguid is present. The method may

(r’*

{3088 In some embodiments, & method for aerosolizing
include sealing the liguid within s reserveir. The method may alse include generating an output
waveform signa! and vibrating a schulizer element to asrosolize the liguid, A negative pressure
may be produced within the reservoir as the Hguid s serosolized. The output wavelorm signal

5

may cause the nebudizer element to vibrate. The method may include determining a phase shaft

between a current of the ouiput waveSorm signal and 8 voltage of the output wavelorm signal,
The method may include adiusting a freguencey of the cutput waveforn signal at least partially
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based on the phase shift. Further, the method may inchude adjusting the voltage of the cutput

waveform signal at least partially based on the frequency of the ouipwt waveform signal.

BRIEF DESCRIPTION OF THE DRAWINGS

{06181 A further understanding of the nature and advantages of the present invention may be

realized by reference to the following drawings. In the appended figures, similar components or

e

o
i

features may have the same reference Igbel. Further, various components of the same type may
be distinguished by following the reference label by & second label that distinguishes among the
simitar cornponents. only the first reference label is used in the specification, the descriplion is
applicable to any one of the similer components having the same first reference label trrespective
of the second reference label,

10811} FIG! 1A llustrates a simplified embodiment of a nebulizer.

{68121 FIG. 18 illustrates a simplified embodiment of a nebulizer with a driver unit.

89131 FIG. 1C illustrates a simplified embodiment of a handhield nebulizer with an integrated
driver it

{0014} PG 1D Hiustrases 8 nebulizer ivtegrated with g ventilator.

(0815} FIG. 2 iHustrates o simplified embodiment of a driver coupled with a nebuliver.

terees
Yeapd

7
[
Lyd
(%]

16016] FIG. 3 tlustrates a method of driving a nebulizer with a driver.

(88171 FIG. 4 Hlustrates 8 method of initially determining 3 resonant frequency of a nebulizer
clement

D018} FIG. 5 Hlustrates a simplified method of adjusting the frequency output by a driver nsing
a resonardt frequency tracker 1o maintain the nebulizer element vibrating at its current resonant
{requency

DETAILED DESCRIPTION OF THE INVENTION

0019} Devices, systenms, and nietheds are described for the implementation of a novel
architecture for driving a nebulizer. The invention provides various ways for driving nebulizers

at the nebulizers” resonance frequencies, particudarly nebulizers with sealed drug reservelrs
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capable of developing a negative bias pressure (meaning the pressure within the reservoir is less

than the pressure gutside of the reservoir) as lguid is evacuated from the drug reservoir,

oy

{H828] By creating a negative bias pressure within the drug reservolr of a nebulizer, the

e

53

efficiency of a nebulizer may be increased, thus allowing € to achieve higher liguid How rates,
with smaller and more consistent droplet sizes, than in comparable conditions withewt a negative

bias pressure. Such a negative hias pressure may be created by sealing the drug reservoir. As

the Hguid drog is drained from the drug reservolr (with litle to no air entering to replace the
drug’s volume), a negative biag pressure may be created. While the negative bias pressure may

assist in maintaining consistently sized droplets of mist, as the negative bias pressure decreases

in pressure, the How rate of liquid from the nebulizer may ncrease.
0021} An increased flow rate cansed by a negative bias pressure may lead to the wrong dose of

]

medicing being delivered to & patient andfor the generation of improper droplet sizes, Suct

o

improper droplet sizes may alter how the droplets are absorbed into the hunan bedy. For
+

example, i @ patient inhales dmpi 5 that are too large, the droplels may not propagate into the
sla

argey alrwRYS.

=

deep fung tissue of the patient, but vather, iy

This may preveni proper absarption of the

{0622} The dropleis may be created from a stored amount of liquid in the drug reservoir by a
nebulizer element, Vhe nebulizer element may be an aperture plate containing o runber of small
holes. When an clectrical signal, sueh as a waveform, is applied to the nebulizer element, the
nebulizer element may vibrate at or near the frequency of the waveform received. While
vibrating, the nebolizer element may allow an amount of the lguid to pass through the element
and form airborne droplets. The nebulizer element may function more efficiently and produce

consistent droplet sizes when the nebulizer element is vibrating at or near its resonant frequency.

88231 However, as the negative bas pressure within the drug reservoir changes (e.g., & greater

e

difference hetween the pressure inside the drug reservoir and the ambient pressure outside of the

o

El

drug reserveir is formed) the resonant frequeney of the nebulizer element may change. In order

to maintain the nebulizer element vibrating at its (current) resonand frequency, 1t may be

e

necessary to change the fregueney of wavelor wsed to drive the nebulizer element.

.,
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{824 Therefore, if 2 negative bias pressure is maintained in the drug reservoir, the frequency
and magntiude of the waveform wsed to drive the nebulizer element necds to vary as the negative
bias pressure within the drug reservoir changes in order to maintain efficient operation of the

ncbulizer element, including maintaining consistent dosing of the ligud drug and consistent

.
i}

16628 To be clear, a sealed reservoir refers to a reservoir that prevents air from entering the
reservoir as Hauld is drajned from the drug reservoir. It may, however, still be possible for air fo
enter the sealed drug reservoir through holes i the nebulizer element. The greater the negative
bias pressuge {that is, the greater the difference between the pressure of the external environment

and the pressure within the drug reservoir) the faster air may enter through the nebulizer element.

-

80261 FIG. 1A ilustrates an embodinent of a possible nebulizer 100-a. The nebulizer 100-a
may inchude a nebulizer element 110, a drug reservoir 120, o head space 130, o interfuce 140,
and a cap 150, The nebuliver cloment 110 may be comprised of a plezoelectric sing that may

the ring. The nebulizer element 110
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nigy be a vibrating aperture plate. The niezoeﬁﬂciric ring may be attached to a perfnrated

membrane, Such a perforated membrane may have a number of holes passing through ft. When
an electric voliage is applied to the plezoelectrie ring, this may cause the membrane to move
and/or flex, Such movement of the membrane, while in contact with a Hauid may couse the

stomization {alternatively referred to as agrosolization) of the Hquid.

8271 A supply of a Hguld, commenly a Hauid drug, may be held in the drug reservoir 120, As

Hlustrated, a drag reservoir is partially filled with a Hquid drug. As the hguid drug is atomized,

3

the amount of Hauid drug remaining in the drug reserveir 120 may decrease. Depending on the

X ] &5

amount of liquid deag in the drug reservolr 120, only g portion of the reservoir may be filled with

liquid drug. The remaining portion of the drug reservoir 120 may be filled with gas, such as aiv.

¥

This space is commonly referred to as head space 130, An interface 1440 may serve fo wwansfer
2y N

amnounts of guid drug between the drug reservoir 120 and the nebultzer element 118,
5028} Nebulizers, and the techniques associated with such nebulizers, are described genevally in

U.S. Patent Nos. 5,164,740; 5,938,117, 5,586,550; 5,758,637, 6,014,970; 6,085,740, 6,235,177,
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[y

6,615,824, 7,322,345 the complete disclosurey of which are mncorporated by reference for &

PUEDOSES.

Yrera

BO28] A nebuliver with a sealed drug reservoir may be part of a larger system. The ewmbodiment
of FIG. 1B illustrates such 8 system 100-b. FIG. 1B illusirates a nebulizer 151 with a sealed
drug reservoir connected to g driver 152, The sealed nebulizer tlustrated in FIG, 183 may be the

.

nebulizer of FIG. 1A, or may represent some other nebulizer. Driver 152 may conrel the rate
and magnitide of vibration of the nebulizer element on nebubizer 151, Driver 152 may be
connected to nebulizer clement 131 via cable 153, Driver 152 may regulate the voltage and
frequency of the signal provided 1o the nebulizer element of nebulizer 151, The regulation of the
voitage and frequency of the signal may be based on the resonant frequency of the nehuiizer

element of nebulizer 151, Such a signal may vary depending on the magnitude of the negative

” ) T

10628] In some other embodiments of nebulizers, a driver may beincorporated into 8 handheld
unit with the nebulizer. Nebulizer 100-c of FIG, 1C illustrates an embodiment of a handheld

nebutizer with an integrated driver, Nebulizer 100-c may include a case 155, a mouthpiece 160,

3

& trigger button 165, and an clectrical plug 170, Case 155 may contain some or all of the
elements found in other embodiments of nobulizers {such as nebulizer 1003 of FIG. 1A) and
drivers {such as delver 132 of FIG. IB) Therefors, contained withi se 135 may be a sealed
drug reservolr and/or a device capable of generating an electrical signal at a voliage magnitude
and frequency to vibrate an element that atomizes Hewd stored in the drug reservolr. A person
receiving the atomized Hguid drug may place her mouth on mouthpiece 160 and breath .

T

While the person receiving the stomized Hauid drug is breathing in, she may press frigger bution

i ¥

165 to trigger the element to begin acrosolizing Hquid. In some embodiments, nebulizer 100«

57
<,

may contain a sensor that detects when the person is breathing in and tiggers the element o

vibrate withowt trigger button 1635 being necessary.

G031 ] Nebulizer 100-c may also include an electrivs] plug 170, Elecirical plug 170 may be

bery

fiewraa,

connected o an electrical outlet to power nebulizer 10(e. Nebulizer 100-c may containa

battery, theveby allowing clecirical plug 170 10 be connected 1o an electirical outlet when

M

nebulizer 100-¢ is not in wse by & persow, allowing o battery to be charged. Alternatively, in

T
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some entbodiments of nebulizer 100-¢, clectrical plug 170 may need 10 be connected fo an

electrical outiet while nebulizer 100-¢ is i use by a person. In some embodiments, nebulizer

100~ may use replaceable batleries as ils power source.

rreeey

$632} In sorse embodiments, g nebulizer may operate in conjunction with a ventilator, System

100~ itlustrates a nebulizer 178 that supplies atomized hiquid drugto aperson 176 viaa
ventilator 170, Ventilator 170 may sy pi} air suitable for breathing to person 176, Ventilator
170 may assist person 176 in breathing by forcing air into the lungs of person 176 and then

releasing aly 1o mintic breathing. While person 176 is using ventilator 170, 18 may be necessary

{331 Nebuliver 178 may be connected to a drug reservoir 186 that is sealed by a cap 180,
Dirug reservolr 186 may contain an amount of Hguid drug 182, This iiquid drug may be
delivered to nebulizer 178 as Hauid drug is atomized by nebulizer 178, As liguld drug is
atomized, Hgnid drog 182 may drain from drug reservoir 186, thereby increasing the volume of
headspace 184, Meadspase 184 may contain air. Headspace 184 may increase in volume, but
may decrease in pressure as lguid drug 182 drains because Hauid reservoir 186 allows no or

minimal air o headspace 184,

:M
i
L

19034} Driver 172, which may represent the same driver as deiver 152 of FIG. 1B (or may

£l

hulizer 178,

represent some other deiver) may deliver a signal to e his signal may control the

vibration of an element of nebulizer 178, Nebulizer 178 may be attached to a tube 179 used to
deliver air and atomized lgaid drug to patient 176, Tube 179 may terminate ina mask 174
covering the mouth and/or nose of person 176, The aly and atomized Hguid drug may then enter

the airways of person 176,

[8035] A nebulizer such as those illustated {n FIGs. 1A-11 may be connected with a driver such

w«

as iHustrated fn ¥IG. 2. FIG. 2 Hlustrates a simplified block diagram of 8 nehulizer driver unit

200. The nebulizer 260 may be the nebudizer 1H00-a of FIG. 1A or it may be some other

nebulizer such as those in the referenced applications or FiGs. 18-113. The nebulizer may be

3

onnected to the driver via a cable 270, Diriver 210 may be driver 151 of FIG. 1B, ormay be

<

some other driver. Cable 270 may allow driver 210 to transmit an electrical waveform signal of

varying frequency and m&gmm& (of voltage) through cable 270 to drive nebulizer 260.
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(G036} Driver 210 may include an amplifier 230, a current phase shift detector 244, a resonant

\
frequency tracker 220, and a voltage profile 250. Based upon the phase shift between the current
supplied to nebulizer 260 and the voltage generated by amplifier 230, the nebulizer element’s
resonant frequency roay be determined. From the resonant {requency, the negative bias pressure
within the drug reservoir of the nebulizer may be determined, and the frequency and/or

magnitnde of the electrical waveforny signal driving nebulizer 260 may be adjusted.

108371 The determination of the resouant frequency may be accomplished using current phase
shift detector 240, Current phase shift detector 240 monitors the phase shift between the phase
of the current output by amplifier 230 to nebulizer 260 and the phase of the voliage output by
amplifier 230 to nebulizer 260, Based upon the phase shift between the voltage and current
ohserved by current phase shift detector 240, resonant frequency trackey 220 ouiputs su output
wavelform to amplifier 230 such that amplifier 230 outputs an electrical waveform signal with
constant or near consiant phase shift between the voltage and current of the electrical wavelfom

signal driving the element of nebulizer 260,

AT

-~

IDO3R] As liquid is atomized and the blas pressure in the drug rese srvoir changes, the resonant

frequeney may change. Further, factors besides the bias pressure within the sealed drug reservoir

»

of the nebulizer 260 may change the nebulizer elemment’s resonant frequency. For exampls, the
temperatore of the nebulizer element, sxeess Hguid on the nebulizer element, andfor damage to
the nebulizer eloment may cause a variation in the nebulizer element’s resonant frequency.

However, it may be generally accepted that during operation, changes in the nebulizer element’s

72

resonant frequency is generally due to variations in the bias pressure within the drug reservoir of

b

the nebutizer

(6639] The resonant frequency and/or the measwred change in resonant frequency may be

i

transmitied to voltage profile 250 by resonant frequency tracker 220, Voltage profile 250 may
be used to determine the proper magnitude of voltage to apply to the nebulizer eiemcm at a

particular resonant frequency to maintain consistent droplet size and dosing of the atomized

fiquid, T some embodiments, voliage profile 258 may include g table of eropirically ;athereﬁ

data. In such embodiments, the resonant frequency may be located in the table, with a

corresponding analog or digital signal being output to amplifier 230 that specifies the appropriste

>
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magnitude of voltage amplifier 230 should output. For example, = table may include a
wredetermined f\k‘f 2Gonit that rasv be ooy wieated nither 230 whernr s particuls
predetermined voltage magnitude that may be commumnicated to amplifier 230 when 8 particolar
resonant frequency is measured by resonant frequeney tracker module 226, Voltage profile 250
may also be expressed as a graph of values, with the x-axis being freguency of the waveform
generated by resonant frequency tracker 220, and the y-axis representing the appropriate voltage

magnitude to be supplied to amplifier 230 such that ampiifier 230 outputs an clectrical signal of

correct magnitude.

i

15048} A rough description of one set of possible values for voltage profile 250 is that as the

-

resonant frequency of the nebulizer clement increases, the desived anplitude ol the slecivical

signal output to the nebulizer will decrease, A a certain threshold, as the resonant fregquency
continues 1o increase, the voltage will be held by voliage profile 250 at a munimum level. In

some enthodiments of voltage profile 230, the signal ouiput to amplifier 230 are determined

o

‘lfl'w

based on g caleulation using the resonant frequeney supplied by resonant frequency tracker 226,

198411 The voltage profile may need to be modified or adjusted to accommodae the

characteristics {such as surface tension) of different Haguids within the drug reservoir of the

X

nehulizer, In some embodiments, a hiquid drug, such as Amikasin, is used. In other
embodiments, a different Hquid drug or Hauidis used. In some embodirnents, the voltage

profiles necessary for a nunber of liquids or Hauid drugs may be simalar enough that only one

T

voltage profile needs to be used for muitiple Hguids or Hquid drags. Modifving or replacing

3

volage profile 250 may invelve selecting a different Hguid via a user interface on driver 210 or

& 14

loading different software, firnware, and/or hardware into driver 210,

{0842} Resonant fregnency tracker 220 may transmit & wavelorm at or near the nebulizer

clement’s current determined resonant frequency 1o am gs% fier 230, Voltage profile 250 may

X

transmit a signal indicating the desived volsage amplitude to be cutput by ampiifier 230 to

»'.‘

amplifier 230, This signal from voliage profile 250 may serve to control the gain of the amplifier

Pt
.

.

220 and the desired

:w

Xe¥

71;

230. Based upon the input wavelorm from resonant frequency

voltage amplitude received from voltage profile 230, amplifier 230 penerates an oumput electrical

A

signal that may be used to drive an aperture of the nebulizer. Amplifier 230 may be a variable

gain Hoear power amplificr. In some embodimenty, & fixed gain power amplifier may be used in

o
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Ay

conjunction with 2 variable gain amplifier or & potentiometer. Further, various other amplifie

or amplifier based circuits may be used to generate the output clectrical signal to drive nebulizer

3]

&0,

10843] Current phase shift detector 240 may create a feedback loop to vesonant freguency tracker
S 228, Current phase shift detector 240 may determine the phase shift of the curvent being ontput
from the amplifier 230, Such a phase shift may be transmitted to resonant frequency tracker 220,

o~

thereby allowing resonant frequency tracker 220 to either maintain the same frequency signal (if

Y

the phase has not shifted}, increase the frequency, or decrease the frequency of the putput signal
in response to the resonant frequency of the nebulizer slement changing as the bias pressure

»

Peedback through current phase shift detector 240 may

E}

within the seal drug reservoir changes.
allow driver 216 to periodically or continually adjust the magnitude and freguency of the
electrical signal output 1o the nebulizer element while liquid is being atomized. This may allow
for any change in the bias pressure in the liquid reservoir to be continually adjusted for by the

driver.

&

15 (0944] A driver, such as driver 210 of FIG, 2, may drive a nebulizer element aceording to a
method, such as method 306 of FIG. 3. Alternatively, method 300 may be performed using some

other driver. Method 300 may employ various d‘éf’a rertt nebulivers, such as the nebulizers of

FIGs, TA-1D, and FIG. 2. Atblock 310, the detver may drive an element {also referred 1o as an
aperture) of @ nebulizer with an clecirical signal. This electrical signal may be a wavelprm at a

20 pariicular freguency and magnitude,

10845] At block 320, the phase shift between the voltage of the electrical signal output {6 the

sebulizver and the current of the electrical signal may be measured. Using this phase shift, at

1

Block 330, the resonant frequency of the nebulizer eloment may be determined. As provipusly

\

noted, this resonant frequency may shift as the negative bias pressure within the Hguid reserveir

B3
LA

of the nebulizer changes. From the resonant frequency, the blas pressure within the hquid
reservoir may be determined at block 340, In some embodiments, the segative t bias prossure is

%

not detormined.

]

G046 At block 350, the magnitude of the voltage of the clectrical signal used to drive the

nebuiizer element may be determined. The mapnitinde may be determined using the resonant
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3

frequency determined at block 330 andfor the negarive bias pressure determined at bloek 340,
The resonant frequency anddor the nepative bias pressure may be used to consult a table of
values. This able of values may specify the appropriate magnitude of voliage to be used for the

electrical signal driving the nebulizer element. Aliernatively, the resonant frequency and/or the

J"

negative bias pressure may be used o calevate the appropriate voltage magnitude to drive the
nebulizer element. The appro ;avm* magnitde may correspond to a magnitude that maintains

constant dosage rate and droplet size of the Hguwdd being dispensed from the nebulizer. The

l

31

calonlations or table may vary depending on the properties of the Hguid being dispensed.

&

16647] At block 360, the elecirical waveform signal driving the nebulizer element may be
adinsted accarding to the frequency determined at block 330 and/or the magnitude determined at

block 350, If the resonam frenuency of the nebulizer slement has not changed, the frequency

and/or the magoitnde of the electrical signal driving the nebulizer elemnent may not change.

Method 300 may repeat as fong as the nebulizer cloment is being driven by the driver,

10848} A resonant frequency tracker, such as resonant frequency tracker 22¢ of FIG 2, may
follow various methods to determine and maintain an output at or negr the resonant fmquem:y of
a nebulizer element, such as nebulizer element 260 of FIG, 2. FIG: 4 illustrates a simpiiﬁed
flowchart of a decay profile 400 for initially determining the resonant freguency of the nebulizey
eleraent and adjusting the output electrical signal driving the nebulizer element based on the
phase shift between the voltage and current of the electrical signal driving the nebulizer clement
detected by the current phase shift detector. Method 300 of FIG 3 may be implemented using
220

resonant frequency tracker 220 of FIG. 2, or may be implemented using some other resonant

frequency tracker, be it implemented in software, firmware, and/or hardware.

(6049} If the resonant frequency has not been determined or “locked on™ to by a resonant

frequency tracker, a resonant frequency tracker may conduct method 400, The resonant

freguency tracker may not have locked on to the resonmst frequency i, for example, the driver
R 3

has just been turned on or activated, & new nebualizer 1s attached to the driver unit, the nebulizer

slement has been interfeored with, or the nebulizer element has been damaged.

136561 At block 411, the resonant freguency tracker moay apply an infinite impulse response filter

by ¥

(IR filter™), to the phase signal received from the current phase shift detector. The IR filier
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may be implemented using analog and/or digital components. From this, a filtered phase value

may be oblained,

EY *)

[0S} Using the filter phase value, the error between the filtered phase and desired phase
seipoimt may be determined at block 412, The desired phase set point may indicate the phase
necessary to cause the nebulizer element {o vibrate at a resonant freguency. This delermined
error value may then be used to determine if the error has been a smaller value than the set poing

for greater than a second gt bloek 413, In some embodiments, a different length of time Is used.

G052} Ifthe error has been less than the set point for more than one second, the current
frequency of the signal cutput to the nebulizer is stored at block 414, Further, 2 flag may be set
to indicate that the resonant frz,qut:;w\ has been focked anto by the resomand fregueney tvacker al
blogk 415, Returning to block 413, i the error has not been less than the set point for more than

one second, the process g)mosﬁ:cis to block 430,

JORS3T At block 430, if the average current is less than some threshold current value, the outpat
voltage may be set 1o a stavt voltage at block 432, At block 434, the resonant frequency
determined by ithe resonan frequeney tracker may be reset (o an mnitial value. I the average

v

current 18 not less than g threshold current vadue, blocks 432 and 434 may not be performed,

>y

Method 400 may repeat wntil the flag indicating the resonant frequency of the nebulizer elemen

hias been locked on o,

(803541 Once the resonant freguency has been determined and locked, which may tvolve the
resonent frequency flag of block 414 being set; a sccond method may be followsd. Method 560
represents & method for adjusting the freguency using 8 resonant freguency tracker (o maintam
the nebulizer element vibrating at iis coyrent resonant frequency. The error between the current
frequency and resonant frequency may be determined at block 521, From thus, an ervor value

may be oblained.

G085] A determination of whether the actuad freguency of the signal being generated by the

wesen

resonant ﬁ‘equamy tracker is greater than the resonant frequency of the nebulizer elemuent may
be made at hlock 522, If yes, at block 523, the cwtput voltage may be scaled by a decay rate

v

multiplied by the error rate determined at block 321, and the outfput voltage may be limited to the
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end voltage at block 524, This may prevent the oulput voltage from excesding some maxinnum

1 £I0

aswdfor minimuem threshold value, Next, the process proceeds to bloek 536, If the actual

frequency is not determined to be greater than the resonant frequency at block 522, the outpat

-

voliage 13 set to a start voltage at block 325, and the method proceedsto block 334,

3

19056} At block 530, a determination is made if the current s fess than a threshold current value.
If 50, the output voltage is set to the start voltage at block 532 and the resonant {reguency is reset
at block 334,

$637] While a wide varigty of drugs, hquids, hguid drugs, and drugs dissolved in ligud may be
X - = fe-Tol

R =

acrosolized, the following provides extensive examples of what may be serosolized. Additional

examples are provided in U.S. App. No. 12/341,780, the entire disclosure of which is

by hd

incorpovated herein for all purposes. Neardy any emti-gtaﬁ‘;-nm-gatives anti-granvpositive
antibiotic, or combinations thereof may be used. Additionally, antiblotics may comprise those

~

having broad spectrum effectiveness, or mixed spe cotrum effectiveness. Amtifungals, such as
polvene materials, in particnlar, amphotericio B are also suitable for wse herein. Examples of
anti-gram-negative antibiotics or salis thereof include, but are not limited to, aminoglycosides or
salts thereof. Exmnples of aminoglveosides or salts thereof inclade gertamicin, amikacin,
kanamyoin, streptomycin, neomyein, netilmicin, paramecin, tobramycin, saits thereot, and
combinations thereof. For instance, gentamicin sulfate is the sulfate salf, or & mixture of such
salts, of the antibiotic substances produced by the growth of Micromonespora purpurea.
Centamicin sulfate, USP, may be obtained from Fujian Fukang Pharmacentical Co,, LTD,
Furzhou, China. Amikacin is typically supplied gs a sultate saly, and can be Obmimé, for exampie,

from Bristol-Myers Squibh, Amikacin may inclode related substances such as kanamicin,

H088] Examples of anti-pram-positive antibiotics or salts thereof include, but are not limited to,

recen

1

macrolides or salts thereof. Examples of macrolides or salis thereof include, but are not limited
{o, vancomyci, ervihromyein, clarithromyein, azithromyein, salts thereof, and combinations
thereof, For instance, vancomycein hydrochloride is a hydrochloride sali of vancomyein, an

antibiotic produced by certain strains of Amyveolatopsis orientalis, previously designated

3

troptomyces orertalis, Vancomyein hydrochloride 18 a mixture of related substances consisting

¥,

principally of the monohydrochloride of vancomycein B. Like all glycopeptide antibioties,
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vancomyein hydrochloride containg a central core heptapeptide. Vancomycin hydrochioride,

USP, may be obtained from Alphanma, Copenhagen, Denmark,

106591 In some embodiments, the composition comprises an antibiotic and one or more
additional active agents. The additional active agent described herein includes an agent, drug, or

i~

compound, which provides somne pharmacologic, often beneficial, effect. This includes foods,
food supplements, nutrients, drugs, vaceines, vitamins, and other beneficial agents. As used
hereln, the torms further include any physiologically or pharmacologically active substance that

produces & localized or systemic effect in a patient. An active agent for ineorporation in the

2

pharmaceutical formulation described herein may be an inorganic or an organic compound,
including, without Hmitation, drags which act on: the peripheral nerves, adrenergic receplors,

1
ke

cholinergic receptors, the skeletal muscles, the cardiovascular system, smooth muscles, the blood
circulatory system, synopiic sites, neuroeffector junctional sites, endocrine and hormone
yatems, the mmunological system, the reproductive system, the skeletal system, antacotd

systems, the alimentary and excretory systems, the histamine system, and the central nervous

190681 Examples of additions! active agents inchude, but are not limited to, anti-inflanynatory

agents, bronchodilators, and combinations thereof.

G861 Fxampies of bronchodilators include, but are not limited 1o, beta.-agonists, anti-
3 k

3 Y

rouscarinic agents, sterolds, and combinations thereof. For instance, the

".C

teroid may comprise

albuterol, such as albuterol suifate.

160621 Active agents may comprise, for example, hypnotics and sedatives, psychio energizers,
tranguilizers, respiratory drugs, anticonvulsants, muscle relaxants, antiparkinson agents
(dopamine antagnonists), analgesics, anti-inflammatories, antianxiety drugs (anxiolytics),
appetite suppressants, antimigraine agents, muscle contractants, additional anti-infectives
(antivirals, antifungals, vaccines) antiarthritics, antimalarials, antiemetics, anepleptics,
eytokines, growih factors, anti-cancer agents, antithrombotic agents, antihypertensives,

ardiovascular drags, antisrrhythmics, antioxicants, anti-asthma agents, hormonal agents

3

inchuding contraceptives, svmpathomimetics, diuretics, lipid regulating agents, antiandrogenic

agents, antiparasitics, anticoagulants, neoplasties, antineoplastics, hypoglycemies, nutritional
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agents and supplements, growth supplements, am
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diagnostic agents, and contrasting agents. The active sgent, when administered by iahai&tim,

may act focally or systemically.

HI863] The active agent may {all into one of a number of structural classes, including but not

limnited to small molecules, pmt; les, ;}eﬁi}f"pep‘f‘ié& profeins, polvsaccharides, steroids, profein

{064} Examples of active agerits suitable for use in this invention inelide but are not Hmited 1
one or more of calcitonin, amphotericin B, erythropoietin (EPO), Factor VI, Factor IX,
ceredase, cerezyme, cyclosporin, granutocyte colony stimulating factor (GOSE), thrombopoistin
(TP, alpha-1 proteinase inhubitor, eleatonin, gravulocyie macrophage colony stimulating factor
{GMCSF), growth hormone, human growth honmone (HGH), growth hormone releasing
hosmens {GHRH), heparin, low molecular weight heparin (EMWH), iterferon alphsy, interferon
beta, interferon gamimg, interleukin-1 receptor, interleukin2, interieukin-1 receptor antagonist,
interienkins3, inferleukineg, inferleakin-6, luteimiding hormone releasing hormone {(LHRE,
factor IX, insulin, pro-insulin, insulin analogues {¢.g., monc-acylated insulin as deseribed in U.S.
Pat. Wo, 5,922,675, which is incorporated herein by reference in it entivety), amyiin, Copeptide,
somatostatin, somatostatin anadogs including ectreotids, vasopressin, follivle stimulating
hormone (FSH), insulinelike growth factor (IGF), insulintropin, macrophiage colony stimulating
factor {M-CSF), nerve growth factor (NGF), tissue growth factors, keﬁ‘a:iirm»::yte growth factor
{KGEFY, plial growih factor (GGF), mumor necrosis tactor (TNF ), endothelial growth factors,
parathyroid hormone (PTH), glucagon-fike peptide thymosin alpha 1, Ub/a inhibitor, alpha-1
antitrypsin, phosphodiesterase (POE) compounds, VL A4 inhibitors, bisphosphonates,
respiratory syneytial virus anttbody, eysiic fibrosis (ransmembrane regulator (CFTR) gene,
deoxyreibonuciease {nase), bactericidal/permeability increasing protein (BPI), ant-CMVY
antibody, 1 3~¢is vetinoie acid, oleandomycin, troleandomyein, roxithromyein, clarithromycin,
davercin, azithromyvem, furithromyein, dirithromyeln, josamyein, spiromycin, nidecanyin,
feucomyein, miocamycin, rokitamycin, andazithromyein, and swinolide A; fluoroquinolones
such as ciprofloxacin, ofloxacin, levofloxacin, wovafloxacin, alatrofioxacin, moxifioxicin,

narfioxacin, enoxacin, grepafioxacin, gatiffoxacin, lomefloxacin, sparfioxacin, temafloxacin,
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pefloxacin, amifloxacin, Jevoxacin, tosufloxacin, prulifloxacin, irdoxacin, parufloxacin,

¥
Yo

tnafloxacin, and sitafloxacin, teicoplanin, rampolanin, mideplanin, colistin, daptomyein,
gramicidin, colistimethate, polymixing such as polymixin B, capreomyeis, baciiracin, penems;

enicilling including penicllinase-senstiive agents hike perdeillin G, penicillin V, penicillinase-

=3

)

resistant agents like methicillin, oxacillin, cloxacilling dicloxaciilin, Soxaciilin, nafeilling gram
negative microorganisim active agents like ampicillin, amoxiciiln, and hetacillin, ctllin, and

galampicilling anmtipsendomonal penicilling like carbemeitling ticarcillin, azlocillin, mezlocitiin,

&

and piperaciiiing cephalosporing like cefpodoxime, cefprozi

,,,.,
i

ceftbuten, ceftizoxime, cefiriaxone,
cephalothin, cephapinin, cephalexin, cephradring, {:efbx_iﬁn, cs .‘amand{‘ﬁe,, cefazolin,
cephaloridine, cefacior, cefadroxil, cephaloglvein, cefuroxime, ceforanide, cefotagime,
cefatrizing, cephacetrile, cefepune, cefixime, cefonicid, cefoperazone, cefoictan, cefinetazole,
ceftazidime, loracarbef, and moxalactam, monobactams itke azireonam; and carbapenems such
s imipenem, meropenem, pentamidine isethiouate, Hdocaine, metaproterenol sulfate,
hectomethasone diprepionate, triamcinolone acetarmide, budesonide acetonide, fluticasone,
tpratropium bromide, flunisolide, cromolyn sodium, ergotamine tartrate and where apphivabie,
analogues, agonists, antagonists, inhibitors, and pharmaceutically acceptable salt forms of the

ahove. In reference to peptides and proteins, the invention i3 infended 1o encompass synthetic,

&

%

slveosylated, pegviated forms, and biclogically active fragments,

S o

native, glycosylated, o

o~

dertvatives, and analogs thereafl

o

[0068] Active agents for use inthe invention further include nucleic acids, as bare nucleic acid
molecules, vectors, associated viral particles, plasmiid DNA or RNA or other nucleic acid
constrogtions of a type suitable for transfection or fransformation of cells, Lo, suitable for gene
therapy including antisense. Farther, an active agent may comprise Hve attenuated or killed
viruses suitable for use asg vaceines. Other usefind drugs include those listed within the Physician's

Desk Reference (most recent edition), which is incorporated herein by reference i its entirety,

+

#866] The amount of antibiotic or other active agent in the pharmaceutical formulation will be

weren;

.

that amount necessary to deliver g therapeutically or prophylacticatly effective amount of the
active agent per unit dose to achieve the desired result, In practice, this will vary widely
depending upon the particular agent, i aafavit}-g the severity of the condiion to be ireated, the

»

patient population, dosing requirements, and the desived therapeutic effect. The composition will
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generally contain anywhere from about 1 wi % to about 99 wit %, such as from about 2 wi % 1o
about 95 wi %, or from shout 5 wi % to 85 wi %, of the active agent, and will also depend upon
the relative amouts of additives contained in the composition. The compositions of the
invention are particuiarly usefil for active agents that are delivered in doses of from 0.001
mg/day to 100 mpfday, such as in doses from 0.01 mg/day o 75 mg/day. or in doses from 0.10
mg/day to 50 mg/day. 1t is to be understood that more than one active agent may be im:(}rparmed

into the formuiations described herein and that the use of the lerm "sgent” in no way excludes the

use of two or moere such agents.

10867} Generally, the compositions are free of excessive excipients. In one of more
cmbodiments, the agueons composition consists essentially of the anti-gram-negative antibiotic,

such as amikacin, or gentamicin or both, and/or salis thereof and water,

10668] Further, in one ar more embodiments, the agueous compuosition is preservative-free, In
this regard, the aqueous composition may be methylparaben-free and/or propy Iparaben-free, Sl

further, the agueous composition may be saline-free.

16969} In one or move embodiments, the compositions comprise an a ytis-infective and an
excipient. The compesitions may comprise a pharmaceutically scceptable excipient or carrier

wihich may be taken into the lungs with no signif Goant adverse mxim& agical effects to the subject,

and particulasly to the lungs of the subject. In addition to the active agent, a pharmaceutical

3 3,

armnlation may optionally include one or more pharmacentical excipients which are suitable for

[y

pulmonary administration. These excipients, if present, are generally prosent in the composition
in amounts sufficient to perform their intended funciion, such as stability, surface modification,
enhancing eifectiveness or delivery of the compaosition or the like. Thus if present, excipient may
range fom about 0.01 wt % to about 95 wt %, such as from about 0.5 wt % to abowt 80wt Y,
from about 1 wi % to about 60 wi %, Preferably, such excipionts will, in part, serve 1o further

Q

improve the featires of the active agent composition, for example by providing more cfficient
and reproducible delivery of the active agent and/or facilitating manufacturing. One or more
excipients may also be provided to serve as bulking agents when it is desired to reduce the

congentration of active agent in the formulation.



pnsh

1#

]
Loy

0

WO 2011/009133 PCT/US2010/042473
19

{88768] For instance, the compositions may include one or more osmolality adjuster, such as
sodivm chloride. For instance, sodiwn chioride may be added io solitions of vancomycin
hydrochloride to adjust the osmolality of the solution. In one or more embodiments, an agueous
compostiion consisty essentially of the anti-gram-positive antibiotic, such as vancomyen

L

hydrochloride, the csmolality adiuster, and water.

10871} Pharmaceutical exciplents and additives useful in the present pharmaceutical foromdation
include but are not limited to amine acids, peptides, proteins, non-binlogical polymers, blological
polymers, carbohydeates, such as sugars, dertvatized sugars such as alditols, aidonic acids,

esterified sugars, and sugar polymers, which may be present singly or in combination.

16872} Exemplary protein excipients include albumins such as human serum albumin (HSA),
rocombinant nvan albumin ({HA), gelatin, casein, hemoglobin, and the like. Suitable amino
acids {outside of the dileucybpeptides of the invention), which may also {nnction in a buffering

capacity, include alanine, glycine, arginine, betaine, hstidine, gitﬂaméc acid, aspartic acid,

cysicing, lysine, leucine, isoleucing, valine, methioning, phenvialanine, aspartame, tyrosing,

e

tryptophan, and the like. Preferved are amino acids and polypeptides that function as dispersing

agents. Amino acids falling into this category include hydrophobie amino acids such as leucine,

=]

valing, isoleucine, fryptophan, alaning, methionine, phenylalanine, tyrosiue, histidine, and

(60731 Carbohyvdrate excipients suitable for use in the ibvention include, for example,
menosaccharides such as fructose, maltose, galactose, glucose, D-mannose, sorbose, and the

3 =3

ceharides, such as lactose, sucrose, trehalose, cellobiose, and the like: polyssccharides,

3 -,

such as raffinose, melezitose, maltodexiring, dextrans, stavches, and the ke and aldstols, such as

3

mannitol, xylitol, maltitol, lactitol, xyiitol sorbitol {glucitol), pyranosyl sorbitol, myeinositel and

the like.

{974] The pharmacentical formulation may also comprise a buffer or & pH adjusting agent,
typically a salt prepared frowm an organic acid or base. Representative buffers comprise orgamie
acid salis of citric acid, ascorbic acid, gluconic acid, carbonic acid, tartaric acid, sucoinic acid,

acetic acid, or phthalic acid, Tris, romethamine hydrochioride, or phosphate buffers,
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67581 The pharmaceutical formulation may also include polymeric excipients/additives, e.g.,

solyvinyiperrolidones, celluloses and derivatized celluloses such as hydroxymethyleeliulose,

¥

hvdroxyethyleelinlose, and h}-’dmxypmpy§me‘ihv§.aeilﬁie&eg Ficolls {a polymeric sugar},

-

hvdroxyethyistarch, dextrates {e.g., cyclodexiring, such a3 2-hydroxypropyl beta~cyelodexirin

= ®

and sulfobutylether- beta ~cyclodexiring, polvethylene glyeols, and pectin.

18476] The pharmaceutical formulation may further Include flavoring agents, taste-masking

£

gents, inorganie salis (for example sodinm chioride}, antimicrobial agents (for exampie

£

benzalkonium chioride), sweeteners, antioxidants, antistatic agents, surfactarts {for example

b‘

solysorbates such as "TWEEN 20" and "TWEEN 8("), sorbitan esters, lipids {for example
phospholipids such as lecithin and other phosphatidylcholines, phosphatidylethanclamines), fatty
acids and fatty esters, sterpids (for example cholestorol), and chelating agents (for example

er pharmacentival excipients and/or additives

EDTA, zine and other such suitable cations). Other g

(§

he compositions according to the invention are Hsted in "Remington: The
Science & Practice of Pharmiacy”, 19.sup.th ed., Williams & Williams, (1995}, and in the

"Physician's Desk Reference”, 52.sup.and ed., Medical Economics, Montvale, NI {1998}, both of

which are incorporaied herein by reference in their entirelies.

{89771 It should be noted that the methods, systems, and devices discussed above are intended
merely o be sxamples. It nwust be stressed that various embediments may omit, substitute, or
add various procedures or components as appropriste, For instance, it should be appreciated
that, in alternative embodiments, the methods may be performed in an order different from that
described, and that various steps may be added, omitted, or combined. Also, features described
with respect o certain embodinents may be combined in varions other embodiments. Different
aspects and clements of the embodiments may be combined ina s tmilar manner. Also, it should
be emphasived that technology ovolves and, thus, many of the elements are examples and should

not be interpreted to Hnut the scope of the invention.

190781 Specific details are given in the deseription to provide a thorough nnderstanding of the
embodiments. However, it will be understood by one of ordinary skill in the art that the

. TS N by e RENESE s N cevvienie el lobman
embodiments may he practiced without these speeific details. For example, well-known

Ry

processes, algorithims, structures, and techuiques have been shown without wmnecessary detail in

<
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order to avoid obsowing the embodiments. This description provides example embodiments

ortby, and is not intended to limit the scope, applicability, or configuration of the trvention.

Rather, the preceding description of the embodiments will provide those skilled in the art with an
% N e - 3 . x -

enabling description for implomenting embodiments of the invention. Vartous changes may be

made in the function and arrangement of elements withous departing from the spirtt and scope of

the invention.

{E0791 Further, the preceding deseription generally details acrosolizing liguid drugs, However,
it should be understood that Hquids besides liquid drugs may be acrosolized using similar deviees

and methods.

a

10088] Also, it is noted that the embodiments may be deseribed as a process which is depicted as
a How diagram or Hock disgram. Although each may deseribe the operations as a sequential

rocess, many of the operations can be performed in parallel or concurrently. In addition, the

]

order of the operations may be rewrranged. A process may have additions! steps not included in

th

%
sees A
b3
[
o 4
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WHAT IS CLAMED I8:
i. A methed for determining a resonant frequency of an element of a
nebulizer with 8 negatively biased liquid reservoir, the method comprising:

driving, by a driver, the element of the nebulizer using an electrical signal, the
electrical signal comprising a current and a vollage;

measuring, by the driver, a phase shift between the voltage and the current of the
electrical signal driving the nebulizer; and

based af least in part on the phase shift of the electrical signal driving the clement
of the nebulizer measured by the driver, determining, by the driver, a resonant freguency of the

element of the nebulizer.

2. The method of claim 1, further comprising, based at least in part on the
resonant frequency of the nebulizer determined by the driver, determining, by the driver, &

voliage magnitude for the electrical signal.
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felaim 1, wherein the negatively biased Hguid reservoir
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causes the resonant frequency of the element of the nebulizer to vary as liquid is drained Som

the negatively biased liguid reservoi,

4, The method of claim 1, wherein the electrical signal driving the nebuitzer
causes the element of the nehulizer to vibrate and atomize liquid stored in the negatively biased

Hauld reservadr,

al 3

5. The method of elaim 1, further comprising, based at least in part on the
resonant freguency of the nebulizer determined by the driver, determining, by the ditver, a

negative bias pressure within the negatively biased liquid reservoir of the nebulizer.

6. The method of claim 1, fether comprising, adjusting, by the driver, the
frequency of the electrical signal to the nebulizer, wherein a roughly constant phase shift is

matntained between the voltage and current of the electrical signal.
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7. The method of claim 2, wherein the voltage magnitude 15 determined
using a stored set of values, and the stored set of values vary depending on a Hquid in the

negatively biased liguid reservon.

8. A device for driving an element of a nebulizey, the device comprising:

an gmplifier, configured to generate an cutput waveform signal, the output
waveform signal comprising an o tout frequency, an output current, and an output voltage,
wherein the output wavelform signal drives the clement of the nebulizer at the output frequency:

a phase shift detector, configured to determine a phase shift between the output
current and the output voliage of the cutput waveform signal;

a resorant frequency tracker, configured to generate & wavelform signal of a
varishle frequency that s input {o the amplifier wherein the waveform signal controls the cutput

frequency, wherein the variable frequency is adjusted hased ot the phase shif of the oustput

waveform signal determined by the phase shift detector module; and

1

a voltage profile, configured to adiust the ocutput voltage of the output wavetorm
1

signal ontput by the amplifier based on the frequency of the waveform signal generated by the

resonant frequency tracker.

N

g. The device of claim 8, wherein the nebulizer has a negatively biased liquid
reservoir that causes the resonant fregquency of the clement of the nebulizer to vary as liquid is

drained from the negatively biased Bquid reservoir.

10, The driver device of claim 8, wherein the output voltage of the amplifier is
deternuned using a stored set of values, and the stored set of values varies depeuding on a liguid

stored in the negatively biased lguid reservair,

11, The driver device of claim 9, wherein the liguid stored in the negatively
higsed Hguid reservolr is a drug.
12, The driver device of claim 8, wherein the driver device is coupled with the

3%

nebulizer in g handbeld unit

P

13, A system for atomiring liquid, the system comprising:

L2
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2 Heguad reservoly that is adapted to hold a lignid that is to be atomized;

o

a nebulizer, comprising an element having a plurality of apertures, wherein:
the element is configured to vibrate to atomize liquid drained from the
Hguid reservoir wherein the element is driven by an output waveform signall
& ¢ e . S TP SR
a negative bias pressure of the liquid reservoir changes as Hauid stored in
the lguid reservoir is drained; and

the Hauid reservoir is scaled such that air from the ambient environment
Y

snbstantially does not enter the Hquid reservelr as Hiquid stored in the Hquid reservoir is
drained; and
a driver, comprising:
& phase shift detector, configured o determine a phase shill between a

current of the output waveform signal and » voltage of the output wavelorm signal;

a resonant i‘.‘rﬂq iency tracker, configured 1o generate a wavelorm that
adjusts the frequency of the vutpat waveform signal, wherein the frequency is adjusted

based on the phase shift determined by the phase shift detector; and
a voltage profile, configured to adjust the voltage of the output waveform

signal based on the frequency of the waveform generated by the resonant freguency

&

14, The system of claim 13, wherein the nebulizer is configured to be coupled

with a ventilator

i

LW 1

The system of claim 13, whersin the driver s coupled with the nebulizer

i & handheld anit,

-

16.  The system of claim 13, wherein the driver further comprises an amplifier
configured to generate the owput wavelorm signal using signals from the resonant frequencey

tracker and the voltage profile.

17, The system of ¢laim 13, wherein the outpu voltage of the amplifier 13

L

deterroined using a stoved set of values, and the stored set of values vary depending on the Hguid
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18, The system of claim 17, wherein the liquid is a drug.

19, A method for aerosolizing a liguad, the method comprising:
sealing the liguid within a reservoir;
generating an output waveform signaly
vibrating a nebulizer element to asrosolize the liguid, wherein
a negative pressure 18 produced within the reservolr as the Hquid 15
aerosolized; and
the output waveform signal canses the nebulizer clenient o vibrate;
determining a phase shift between a current of the output waveform signal and a
voltgge of the output wavelorm signal;

the

you
e

adjusting a frequency of the cutput wavetorm signal at least partially based o

adjusting the volage of the output waveform signal at least partially based on the

frequency of the output waveform signal.

20 Thesystem of claim 19, wherein the nebulizer upled with a

.

2
&
2
pm
".f)

nebulizer and the nebulizer is configured to be coupled with a ventilator.

21, Themethod of claim 18, wherein the phase shift is generally mamtained

52

constant maintained hetween the voltage and current of the output waveform signal.

22, The method of claim 19, wherein the voltage is adjusted using a stored set

of values, and the stored set of values vary depending ou a liguid in the reservorr.

R The method of claim 19, wherein the cutpit waveform signal causes the

L.u

nebalizer element to vibraie gt generally & resonant frequency of the nebulizer element.
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Driving a nebulizer using an electrical
signal at frequency and magnitude

320
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Measuring a phase shift between the voltage
and current of the electrical signal

330
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Determining the resonant frequency of the nebulizer
based on phase shift of the electrical signal

340
f

Determining a negative bias pressure within a liquid
reservoir of the nebulizer

r 350

Determining a voltage magnitude using the resonant
frequency and/or a stored set of values

360

i

Driving the nebulizer using an electrical signal
at an adjusted frequency and/or magnitude

FIG. 3
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