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[57] ABSTRACT
A method for treating a patient suffering from diabetes

mellitus and a programmed, portable, hand-held device
and formulations used in such treatment methodology is
disclosed. The programmed device is loaded with a
container which includes a formulation comprised of
insulin dispersed in a suitable propellant such as a low
boiling point propellant. The container may be com-
pletely sealed and may be punctured on insertion in the
device but preferably includes a single valve which can
be opened to release insulin forced from the container
by the propellant. A valve for releasing formulation is
controlled by an electronic means for opening the valve
in response to a measured threshold of airflow which
airflow is measured by an airflow detection means posi-
tioned between the valve and a mouthpiece. Insulin is
administered when the patient inspiratory flow exceeds
a preset threshold. The airflow is measured and when a
threshold amount of airflow is achieved, the valve
opening means is actuated and a controlled amount of
insulin is released from the container. The device in-
cludes a microprocessor connected to the means for
measuring airflow and the means for opening the valve.
The microprocessor is programmed to control the
amount of insulin released, based on the particular needs
of the patient. The device is electronically connectable
to a device which measures serum glucose level and can
adjust insulin release amounts based of measured glu-
cose levels.

15 Claims, 2 Drawing Sheets
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1
METHOD OF ADMINISTRATION OF INSULIN

FIELD OF THE INVENTION

This invention relates generally to methods of treat-
ing humans suffering from diabetes mellitus. More spe-
cifically, this invention relates to the controlled intra-
pulmonary delivery of insulin alone or in combination
with other treatment methodologies which are com-
bined to significantly reduce or eliminate the need for
administering insulin by injection.

BACKGROUND OF THE INVENTION

Diabetes Mellitus is a disease affecting approximately
7.5 million persons in the United States. The underlying
cause of this disease is diminished or absent insulin pro-
duction by the Islets of Langerhans in the pancreas. Of
the 7.5 million diagnosed diabetics in the United States,
approximately one-third are treated using insulin re-
placement therapy. Those patients receiving insulin
typically self-administer one or more doses of the drug
per day by subcutaneous injection.

Insulin is a peptide hormone with a nominal molecu-
lar weight of 6,000 Daltons. Insulin has traditionally
been produced by processing pig and cow pancreas to
allow isolation of the natural product. More recently,
recombinant technology has made it possible to pro-
duce human insulin in vitro. It is the currently common
practice in the United States to institute the use of re-
combinant human insulin in all of those patients begin-
ning insulin therapy.

It is known that most proteins are rapidly degraded in
the acidic environment of the GI tract. Since insulin is
a protein which is readily degraded in the GI tract,
those in need of the administration of insulin administer
the drug by subcutaneous injection (SC). No satisfac-
tory method of orally administering insulin has been
developed. The lack of such an oral delivery formula-
tion for insulin creates a problem in that the administra-
tion of drugs by injection can be both psychologically
and physically painful.

In an effort to provide for a non-invasive means for
administering insulin, and thereby eliminate the need for
hypodermic syringes, aerosolized insulin formulations
have been theorized. Aerosolized insulin formulations
have been shown to produce insulin blood levels in man
when these aerosols are introduced onto nasal or pul-
monary membrane. Moses et al. [Diabetes, Vol. 32, No-
vember 1983] demonstrated that a hypoglycemic re-
sponse could be produced following nasal administra-
tion of 0.5 units/kg. Significant inter-subject variability
was noted, and the nasal insulin formulation included
unconjugated bile salts to promote nasal membrane
penetration of the drug. Salzman et al. [New England
Journal of Medicine, Vol. 312, No. 17] demonstrated
that an intranasal aerosolized insulin formulation con-
taining a non-ionic detergent membrane penetration
enhancer was effective in producing a hypoglycemic
response in diabetic volunteers. Their work demon-
strated that nasal irritation was present in varying de-
grees among the patients studied. In that diabetes is a
chronic disease which must be continuously treated by
the administration of insulin and in that mucosal irrita-
tion tends to increase with repeated exposures to the
membrane penetration enhancers, efforts at developing
a non-invasive means of administering insulin via nasal
administration have not been commercialized.

20

25

30

35

45

50

55

65

2

In 1971, Wigley et al. {Diabetes, Vol 20, No. 8] dem-
onstrated that a hypoglycemic response could be ob-
served in patients inhaling an aqueous formulation of
insulin into the lung. Radio-immuno assay techniques
demonstrated that approximately 10 percent of the in-
haled insulin was recovered in the blood of the subjects.
Because the surface area of membranes available to
absorb insulin is much greater in the lung than in the
nose, no membrane penetration enhancers are required
for delivery of insulin to the lungs by inhalation. The
inefficiency of delivery seen by Wigley was greatly
improved in 1979 by Yoshida et al. [Journal of Pharma-
ceutical Sciences, Vol. 68, No. 5] who showed that al-
most 40 percent of insulin delivered directly into the
trachea of rabbits was absorbed into the bloodstream
via the respiratory tract. Both Wigley and Yoshida
showed that insulin delivered by inhalation could be
seen in the bloodstream for two or more hours follow-
ing inhalation.

Aerosolized insulin therefore can be effectively given
if the aerosol is appropriately delivered into the lung. In
a review article, Dieter Kohler [Lung, supplement pp.
677-684] remarked in 1990 that multiple studies have
shown that aerosolized insulin can be delivered into the
Iung with an expected half-life of 15-25 minutes. How- -
ever, he comments that “the poor reproducibility of the
inhaled dose [of insulin] was always the reason for ter-
minating these experiments.” This is an important point
in that the lack of precise reproducibility with respect to
the administration of insulin is critical. The problems
associated with the insufficient administration of insulin
cannot be compensated for by administering excess
amounts of the drug in that the administration of too
much insulin can be fatal.

Effective use of an appropriate nebulizer can achieve
high efficiency in delivering insulin to human subjects.
Laube et al. [Journal of Aerosol Medicine, Vol. 4, No. 3,
19911 have shown that aerosolized insulin delivered
from a jet nebulizer with a mass median aerodynamic
diameter of 1.12 microns, inhaled via a holding chamber
at a slow inspiratory flow rate of 17 liters/minute, pro-
duced an effective hypoglycemic response in test sub-
jects at a dose of 0.2 units/kg. Colthorpe et al. [Pharma-
ceutical Research, Vol. 9, No. 6, 1992] have shown that
aerosolized insulin given peripherally into the lung of
rabbits produces a bioavailability of over 50.7 percent in
contrast to 5.6 percent bioavailability seen for liquid
insulin dripped onto the central airways. Colthorpe’s
work supports the contention that aerosolized insulin
must be delivered peripherally into the lung for maxi-
mum efficiency and that inadvertent central deposition
of inhaled aerosolized insulin will produce an effect ten
times lower than that desired. Variations in dosing of
10-fold are clearly unacceptable with respect to the
administration of most drugs, and in particular, with
respect to the administration of insulin.

The present invention endeavors to overcome the
problems of the prior art by eliminating the need for
permeation enhancers and thus eliminating mucosal
irritation and providing a non-invasive methodology
for repeatedly providing a controlled dosage amount of
insulin to a patient.

SUMMARY OF THE INVENTION

A method for treating a patient suffering from diabe-
tes mellitus and a programmed, portable, hand-held
device used in such treatment methodology is disclosed.
The programmed device is comprised of a container



5,364,838

3

which includes a formulation comprised of insulin and a
suitable propellant which may be a low boiling point
propellant and an excipient which facilitates the suspen-
sion of insulin in the propellant. The container is com-
pletely sealed except for a single valve which can be
opened to release insulin forced from the container by
the propellant. The valve is controlled by an electronic
means for opening the valve in response to any desired
signal such as a measured threshold of inspiratory flow
measured by an airflow detection means positioned
between the valve and a mouthpiece. When the patient
withdraws air from the mouthpiece, the patient’s inspi-
ratory flow is measured and analyzed. This measure-
ment and analysis makes it possible to analyze the pa-
tient’s inspiratory flow in terms of liters per minute, as
well as the patient’s cumulative inspiratory volume, in
terms of liters, to be measured. Measurements and anal-
ysis are carried out over several inhalations. By analyz-
ing the patient’s inspiratory flow created at each inhala-
tion, it is possibie to calculate a point or points in the
inspiratory cycle which are optimal for the release of
insulin to that particular patient. Inspiratory flow data is
continuously provided to the microprocessor from the
flow transducer in the inspiratory flow path. This infor-
mation is utilized by the microprocessor which has
previously recorded information therein, thus allowing
the microprocessor to make a determination to open the
valve and release a controlled amount of insulin to the
patient. The microprocessor is programmed to take into
consideration a variety of characteristics which are
particular to the patient or class of patients being
treated. Thus, the microprocessor will release the insu-
lin from the container at the most preferred point during
the inhalation process of the patient and will deliver a
preferred amount in a preferred manner based on the
particular needs of the patient, thus providing a highly
reproducible means of delivering insulin.

A primary object of the inveation is to provide for a
non-invasive means of treating diabetes mellitus.

Another object of the invention is to provide a device
which allows for the intrapulmonary delivery of con-
trolled amounts of insulin based on the particular needs
of the diabetic patient including serum glucose levels
and insulin sensitivity.

Yet another object of the invention is to provide a
method for the intrapulmonary delivery of insulin
which method comprises monitoring a patient’s inspira-
tory flow in terms of rate and volume, calculating a
preferred rate and cumulative volume within an inhala-
tion cycle for the release of a drug and automatically
reieasing drug when the preferred flow rate and cumu-
lative volume have been obtained in a subsequent inha-
lation cycle based on the patient’s inspiratory flow pro-
file.

Another object of the invention is to provide a means
for treating diabetes mellitus which involves supple-
menting insulin administration using an intrapulmonary
delivery means in combination with injections of insulin
and/or oral hypoglycemic agents such as sulfonylureas.

Another object of the invention is to combine insulin
delivery therapies with monitoring technologies so as to
maintain tight control over the serum glucose level of a
patient suffering from diabetes mellitus.

Yet another object of the invention is to provide
methods of treating diabetics using the intrapulmonary
delivery of all types of insulin formulations including
rapid, intermediate and long-acting preparations.
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An advantage of the present invention is that the
amount of drug released from the device is controlled
by a microprocessor which analyzes data and releases
insulin based on an inspiratory flow profile allowing
accurate reproducibility of dosing.

Another advantage of the present invention is that
the methodology allows the administration of smaller
doses of insulin by a convenient and painless route, thus
decreasing the probability of insulin overdosing and
increasing the probability of safely maintaining desired
serum glucose levels.

Another advantage of the present invention is that
the device can be readily used in public without the
disturbing effects associated with publicly administer-
ing a drug by injection.

A feature of the present invention is that the device
can be programmed for the particular needs of individ-
ual patients.

Another feature of the device of the present invention
is that it may be programmed to provide variable dosing
so that different doses are delivered to the patient at
different times of the day coordinated with meals and-
/or other factors important to maintain proper serum
glucose levels with the particular patient.

Another feature of the invention is that the portable,
hand-held inhalation device of the invention can be used
in combination with a portable device for measuring
serum glucose levels in order to closely monitor and
titrate dosing based on actual glucose levels.

Yet another feature of the invention is that the micro-
processor of the delivery device can be programmed to
prevent overdosing by preventing the valve from being
opened more than a given number of times within a
given period of time.

These and other objects, advantages and features of
the present invention will become apparent to those
persons skilled in the art upon reading the details of the
structure of the device, formulation of compositions and
methods of use, as more fully set forth below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of an embodiment of
an aerosolizing drug delivery device; and

FIG. 2 is another embodiment of an aerosolizing drug
delivery device which can be used in the intrapulmo-
nary delivery of insulin in connection with the present
invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Before the present method of treating diabetes melli-
tus and devices and formulations used in connection
with such are described, it is to be understood that this
invention is not limited to the particular methodology,
devices and formulations described, as such methods,
devices and formulations may, of course, vary. It is also
to be understood that the terminology used herein is for
the purpose of describing particular embodiments only,
and is not intended to limit the scope of the present
invention which will be limited only by the appended
claims.

It must be noted that as used herein and in the ap-
pended claims, the singular forms “a,” “and,” and “the”
include plural referents unless the context clearly dic-
tates otherwise. Thus, for example, reference to “a for-
mulation” includes mixtures of different formulations,
reference to “an analog” refers to one or mixtures of
insulin analogs, and reference to “the method of treat-
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ment” includes reference to equivalent steps and meth-
ods known to those skilled in the art, and so forth.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which
this invention belongs. Although any methods, devices
and materials similar or equivalent to those described
herein can be used in the practice or testing of the in-
vention, the preferred methods, devices and materials
are now described. All publications mentioned herein
are incorporated herein by reference for the purpose of
describing and disclosing devices, formulations and
methodologies which are described in the publication
and which might be used in connection with the pres-
ently described invention.

Definitions

The term “insulin™ shall be interpreted to encompass
natural extracted human insulin, recombinantly pro-
duced human insulin, insulin extracted from bovine
and/or porcine sources, recombinantly produced por-
cine and bovine insulin and mixtures of any of these
insulin products. The term is intended to encompass the
polypeptide normally used in the treatment of diabetics
in a substantially purified form but encompasses the use
of the term in its commercially available pharmaceutical
form which includes additional excipients.

The term “insulin analog” is intended to encompass
any form of “insulin” as defined above wherein one or
more of the amino acids within the polypeptide chain
has been replaced with an alternative amino acid and/or
wherein one or more of the amino acids has been de-
leted or wherein one or more additional amino acids has
been added to the polypeptide chain. In general, the
“insulin analogs” of the present invention include
“super insulin analogs™ wherein the ability of the insulin
analog to affect serum glucose levels is substantially
enhanced as compared with conventional insulin as well
as hepatoselective insulin analogs which are more ac-
tive in the liver than in adipose tissue.

The term “acceptable serum glucose level” is in-
tended to mean a glucose level above 50 mg/dl and
below 300 mg/dl more preferably 80 mg/dl to 200
mg/dl and most preferably about 100 mg/dl. It will be
understood by those skilled in the art that levels of
about 50 mg/dl are considered low and that levels of
about 300 mg/dl are considered high, although accept-
able in the sense that these levels are generally not fatal.
It is an important aspect of the invention to maintain
more acceptable levels which are above the low of 50
mg/dl and below the high of 300 mg/dl with it being
more acceptable to deliver doses of insulin so as to keep
the patient as close as possibie to about 100 mg/dl.

The term “dosing event” shall be interpreted to mean
the administration of insulin and/or an insulin analog to
a patient in need thereof by the intrapulmonary route of
administration which event may encompass one or
more releases of insulin formulation from an insulin
dispensing device over a period of time of 15 minutes or
less, preferably 10 minutes or less, and more preferably
5 minutes or less, during which period multiple inhala-
tions are made by the patient and multiple doses of
insulin are released and inhaled. A dosing event shall
involve the administration of insulin to the patient in an
amount of about 1 unit to about 30 units in a single
dosing event which may involve the release of from
about 10 to about 300 units of insulin from the device.
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The term “monitoring event” shall be interpreted to
mean an event taking place prior to a “dosing event”
whereby the inspiratory flow of the patient’s inhalation
is measured in order to determine an optimal cumula-
tive volume and inspiratory flow at which to automati-
cally trigger the release of a valve so that insulin can be
delivered to the patient. It is preferable to carry out a
“monitoring event” prior to each “dosing event” so as
to optimize the ability to repeatedly deliver the same
amount of insulin to the patient at each dosing event.

The term “inspiratory flow” shall be interpreted to
mean a value of airflow calculated based on the speed of
the air passing a given point along with the volume of
the air passing that point with the volume calculation
being based on integration of the flow rate data and
assuming atmospheric pressure and temperature in the
range of about 18° C. to about 30° C.

The term “inspiratory flow profile” shall be inter-
preted to mean data calculated in one or more monitor-
ing events measuring inspiratory flow and cumulative
volume which profile can be used to determine a point
within a patient’s respiratory cycle which is optimal for
the release of insulin to the patient. It is emphasized that
the optimal point within the respiratory cycle for the
release of insulin is not calculated based on a point
within the cycle likely to result in the maximum deliv-
ery of insulin but rather the point in the cycle most
likely to result in the delivery of the same amount of
insulin to the patient at each release of insulin from the
device.

General Methodology

The essence of the invention is to provide a non-inva-
sive means of treating diabetes mellitus in a manner
which makes it possible to maintain tight control over
serum glucose levels of a patient suffering from the
disease. An essential feature of the invention is the intra-
pulmonary delivery of insulin to the patient in a con-
trolled and repeatable manner. The device of the inven-
tion provides a number of features which make it possi-
ble to achieve the controlled and repeatable dosing
procedure required for treating diabetes. Specifically,
the device is not directly actuated by the patient in the
sense that no button is pushed nor valve released by the
patient applying physical pressure. On the contrary, the
device of the invention provides that the valve releasing
insulin is opened automatically upon receipt of a signal
from a microprocessor programmed to send a signal
when data is received from a monitoring device such as
an airflow rate monitoring device. A patient using the
device withdraws air from a mouthpiece and the inspi-
ratory rate of the patient is measured and cumulative
respiratory volume is caiculated one or more times in a
monitoring event which determines an optimal point in
an inhalation cycle for the release of a dose of insulin.
Inspiratory flow is measured and recorded in one or
more monitoring events for a given patient in order to
develop an inspiratory flow profile for the patient. The
recorded information is analyzed by the microprocessor
in order to deduce a preferred point within the patient’s
respiratory cycle for the release of insulin with the
preferred point being calculated based on the most
likely point to result in a reproducible delivery event.
The monitoring device continually sends information to
the microprocessor, and when the microprocessor de-
termines that the optimal point in the respiratory cycle
is reached, the microprocessor actuates the opening of
the valve allowing release of insulin. Accordingly, drug
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is always delivered at a pre-programmed place in the
respiratory flow profile of the particular patient which
is selected specifically to maximize reproducibility of
drug delivery and peripheral dispersion of the drug. It is
pointed out that the device of the present invention can
be used to, and actually does, improve the efficiency of
drug delivery. However, this is not the critical feature.
The critical feature is the reproducibility of the release
of a tightly controlled amount of drug at a particular
point in the inspiratory cycle so as to assure the delivery
of a controlled and repeatable amount of drug to the
lungs of each individual patient.

The combination of automatic control of the valve
release, combined with frequent monitoring events in
order to calculate the optimal flow rate and time for the
release of insulin, combine to provide a repeatable
means of delivering insulin to a patient. Because the
valve is released automatically and not manually, it can
be predictably and repeatedly opened for the same
amount of time each time or for the preprogrammed
measured amount of time which is desired at that partic-
ular dosing event. Because dosing events are preferably
preceded by monitoring events, the amount of insulin
released and/or the point in the inspiratory cycle of the
release can be readjusted based on the particular condi-
tion of the patient. For example, if the patient’s total
volume should change, such will be taken into account
in the monitoring event by the microprocessor which
. will readjust the amount and/or point of release of the
insulin in a manner calculated to provide for the admin-
istration of the same amount of insulin to the patient at
each dosing event.

It has been found that the ability to tightly control the
amount of a volatile propellant formulation of drug
delivered via the intrapulmonary route can be improved
by delivering smaller doses of the propellant/drug for-
mulation with each release of the valve and with each
dosing event. Repeatability, in terms of the amount of
insulin delivered to a patient, is improved when the
insulin is delivered during a smooth, normal inhalation
by the patient. To a certain extent, the ability to provide
for a smooth inhalation is enhanced when smaller
amounts of insulin are released as compared with larger
amounts of insulin. Accordingly, an important aspect of
the invention is to deliver aerosolized insulin to a patient
in a series of interrupted bursts while the patient contin-
ues a single inhaled breath, with ,Bach burst being deliv-
ered while the patient maintains optimal inspiratory
flow.

Short bursts of the release of insulin can be obtained
as two or more bursts but are preferably three or four
bursts. The amount of time the valve is opened is gener-
ally in the range of about 0.5 seconds to 1 second but is
more preferably 0.1 seconds to 0.25 seconds. When the
insulin is being released in a series of short bursts, it is
preferable for the valve to be open a substantially
shorter period of time than the valve is closed. For
example, the valve might be opened for approximately
0.1 seconds and closed for approximately 0.5 seconds,
followed by another opening of 0.1 seconds and another
closing of 0.5 seconds, with this pattern being repeated
a plurality of times. Repeatability and dosing can be
improved by providing for four bursts, wherein each
burst allows for the valve to be opened four times, sepa-
rated by three closings, wherein the amount of closed
time is two to eight times longer than the amount of
open time for each on/off event. Particularly preferred
repeatability can be obtained by allowing for four
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bursts, wherein the valve is opened for approximately
0.015 seconds, followed by a closing for approximately
0.1 second, which pattern is repeated for four openings,
separated by three closings.

There is considerable variability with respect to the
amount of insulin which is delivered to a patient when
the insulin is being administered by injection. Patients
requiring the administration of injectable insulin use
commercial insulin which is prepared in concentrations
of 100 units per milliliter, although higher concentra-
tions up to about 500 units per milliliter can be obtained.
It is preferable to use the more highly concentrated
insulin in connection with the present invention. If insu-
lin containing 500 units of insulin per milliliter is used
and a patient is administering 5 units, then the patient
will only need to administer 0.01 milliliters of the con-
centrated insulin to the lungs of the patient to achieve
the desired dose.

The symptoms of diabetes can be readily controlied
with the administration of insulin. However, it is ex-
tremely difficult, and probably impossible, to normalize
the blood sugar throughout a 24-hour period utilizing
traditional insulin therapy given as one or two injec-
tions per day. It is possible to more closely approach
normalized blood sugar levels with the present inven-
tion. Improvements are obtained by smaller, more fre-
quent dosing and by timing dosing relative to meals,
exercise and sleep.

The precise amount of insulin administered to a pa-
tient varies considerably depending upon the degree of
the disease and the size of the patient. A normal-weight
adult may be started on about a 15-20 units a day in that
the estimated daily insulin production rate in non-dia-
betic subjects of normal size is approximately 25 units
per day. It is preferable to administer approximately the
same quantity of insulin for several days before chang-~
ing the dosing regime except with hypoglycemic pa-
tients for which the dose should be immediately de-
creased unless a clearly evident nonrecurrent cause of
hypoglycemia (such as not eating, i.e., missing a typical
meal) is present. In general, the changes should not be
more than five to ten units per day. It is typical to ad-
minister about two-thirds of the total insulin daily dos-
age before breakfast and administer the remainder be-
fore supper. When the total dosage reaches 50 or 60
units per day, a plurality of smaller doses are often
required since peak action of insulin appears to be dose
related, i.e., a low dose may exhibit maximal activity
earlier and disappear sooner than a large dose. All pa-
tients are generally instructed to reduce insulin dosage
by about 5 to 10 units per day when extra activity is
anticipated. In a similar manner, a small amount of extra
insulin may be taken before a meal that contains extra
calories or food which is not generally eaten by the
diabetic patient. The inhalation device of the present
invention is particularly useful with respect to provid-
ing such small amounts of additional insulin.

Several types of insulin formulations are commer-
cially available. When larger doses of insulin must be
administered at a single point in time, it may be prefera-
ble to administer intermediate or long-acting insulin
formulations. Such formulations release some insulin
immediately and provide a more sustained reiease of the
remainder of the insulin over time. Such formulations
are described further below in the “Insulin Containing
Formulations™ section.

When administering insulin using the inhalation de-
vice of the present invention, the entire dosing event
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can involve the administration of anywhere from one to
25 units, but more preferably involves the administra-
tion of approximately five to ten units. The entire dos-
ing event may involve several inhalations by the patient
with each of the inhalations being provided with multi-
ple bursts of insulin from the device. For example, the
device can be programmed so as to release enough
insulin so that approximately one unit of insulin is deliv-
ered to the patient per inhalation or 0.33 units of insulin
per burst with three bursts being delivered per inhala-
tion. If ten units are to be delivered, the ten units are
delivered by releasing 33 bursts in ten different inhala-
tions. Such a dosing event should take about 1-2 min-
utes to deliver 10 units of insulin. Since only small
amounts are delivered with each burst and with each
inhalation, even a complete failure to deliver insulin
with a given inhalation or burst is not of great signifi-
cance and will not seriously disturb the reproducibility
of the dosing event. Further, since relatively small
amounts are delivered with each inhalation and/or
burst, the patient can safely administer an additional
unit or two of insulin without fear of overdosing.

There is a differential between the amount of insulin
actually released from the device and the amount of
insulin actually delivered to the patient. In general, the
present device is approximately 20% efficient, how-
ever, the efficiency can be as low as 10% and as high as
50% meaning that as little as 10% of the released insulin
may actually reach the circulatory system of the patient
and as much as 50% might be delivered. The efficiency
of the delivery will vary somewhat from patient to
patient and must be taken into account when program-
ming the device for the release of insulin. In general, a
conventional metered dose inhaling device is about
10% efficient.

Obese patients are generally somewhat less sensitive
to insulin and must be provided with higher doses of
insulin in order to achieve the same effect as normal
weight patients. Dosing characteristics based on insulin
sensitivity are known to those skilled in the art and are
taken into consideration with respect to the administra-
tion of injectable insulin. The present invention makes it
possible to vary dosing over time if insulin sensitivity
changes and/or if user compliance and/or lung effi-
ciency changes over time.

Based on the above, it will be understood that the
dosing or amount of insulin actually released from the
device can be changed based on the most immediately
prior monitoring event wherein the inspiratory flow of
a patient’s inhalation is measured. The amount of insulin
released can also be varied based on factors such as
timing and timing is, in general, connected to meal
times, sleep times and, to a certain extent, exercise times.
Although all or any of these events can be used to
change the amount of insulin released from the device
and thus the amount of insulin delivered to the patient,
ultimately, the amount released and delivered to the
patient is based on the patient’s serum glucose levels. It
is important to maintain the serum glucose levels of the
patient within acceptable levels and most preferably to
maintain those levels at about 100 mg/dl.

Variations in doses are calculated by monitoring
serum glucose levels in response to known amounts of
insulin released from the device. If the response in de-
creasing serum glucose level is higher than with previ-
ous readings, then the dosage is decreased. If the re-
sponse in decreasing serum glucose level is lower than
with previous readings, then the dosing amount is in-
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creased. The increases and decreases are gradual and
are preferably based on averages (of 10 or more read-
ings of glucose levels after 10 or more dosing events)
and not a single dosing event and monitoring event with
respect to serum glucose levels. The present invention
can record dosing events and serum glucose levels over
time, calculate averages and deduce preferred changes
in administration of insulin.

As another feature of the invention, the device can be
programmed so as to prevent the administration of
more than a given amount of insulin within a given
period of time. For example, if the patient normaily
requires 25 units per day of insulin, the microprocessor
of the inhalation device can be programmed to prevent
further release of the valve after 35 units has been ad-
ministered within a given day. Setting a slightly higher
limit would allow for the patient to administer addi-
tional insulin, if needed, due to larger than normal meals
and/or account for misdelivery of insulin such as due to
coughing or sneezing during an attempted delivery.

The ability to prevent overdosing is a characteristic
of the device due to the ability of the device to monitor
the amount of insulin released and calculate the approxi-
mate amount of insulin delivered to the patient based on
monitoring given events such as airflow rate and serum
glucose levels. The ability of the present device to pre-
vent overdosing is not merely a monitoring system
which prevents further manual actuation of a button. As
indicated above, the device used in connection with the
present invention is not manually actuated, but is fired
in response to an electrical signal received from a mi-
croprocessor (which received data from a monitoring
device such as a device which monitors inspiratory
flow) and allows the actuation of the device upon
achieving an optimal point in a respiratory cycle. When
using the present invention, each release of the valve is
a release which will administer drug to the patient in
that the valve is released in response to patient inhala-
tion. More specifically, applicant’s device does not
allow for the release of insulin merely by the manual
actuation of a button to fire a burst of insulin into the air.

The microprocessor of applicant’s invention can be
designed so as to allow for an override feature which
would allow for the administration of additional insulin.
The override feature could be actuated in an emergency
situation. Alternatively, the override feature could be
actuated when the device is electronically connected
with a serum glucose level monitoring device which
determines that serum glucose levels increase to danger-
ously high levels.

The microprocessor of applicant’s invention will also
include a timing device. The timing device can be elec-
trically connected with visual display signals as well as
audio alarm signals. Using the timing device, the micro-
processor can be programmed so as to allow for a visual
or audio signal to be sent when the patient would be
normally expected to administer insulin. In addition to
indicating the time of administration (preferably by
audio signal), the device can indicate the amount of
insulin which should be administered by providing a
visual display. For example, the audio alarm could
sound alerting the patient that insulin should be adminis-
tered. At the same time, the visual display could indi-
cate “five units” as the amount of insulin to be adminis-
tered. At this point, a monitoring event could take
place. After completion of the monitoring event, admin-
istration would proceed and the visual display would
continually indicate the remaining amount of insulin
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which should be administered. After the predetermined
dose of five units had been administered, the visual
display would indicate that the dosing event had ended.
If the patient did not complete the dosing event by
administering the stated amount of insulin, the patient
would be reminded of such by the initiation of another
audio signal, followed by a visual display instructing the
patient to continue administration.

Additional information regarding dosing with insulin
via injection can be found within Harrison’s—Princi-
ples of Internat Medicine (most recent edition) pub-
lished by McGraw Hill Book Company, New York,
incorporated herein by reference to disclose conven-
tional information regarding dosing insulin via injec-
tion.

Supplemental Treatment Methodology

Patients suffering from diabetes mellitus may be
treated solely with insulin as indicated above. However,

15

it is possible to treat such patients with a combination of 20

insulin and other drugs such as sulfonylureas which act
primarily by stimulating release of insulin from the beta
cells in the pancreas. These drugs have the ability of
increasing the number of insulin receptors in target
tissues and enhance insulin-mediated glucose disposal.
Some specific sulfonylurea drugs which can be used in
connection with the present invention include aceto-
hexamide administered in an amount of about 500 to
1,500 mg per day; chlorpropamide, administered in an
amount of about 50 to 750 mg per day; tolazamide,
administered in an amount of about 0.1 to 1 gram per
day; tolbutamide, administered in an amount of about
0.5 to 3 grams per day; glipzide administered in an
amount of about 2.5 to 40 mg per day and glyburide
administered in an amount of about 1.25 to 20 mg per
day.

In patients which are producing some insulin, the
suifonylurea drugs may be sufficient to treat the symp-
toms. Other patients can use a combination of the drugs
while administering insulin, while still others require
only the administration of insulin. The present invention
is beneficial to each type of patient. Further, the present
invention allows means for eliminating the need for
some patients to take insulin by injection. The patients
can be provided with oral doses of sulfonylureas in
amounts similar to those indicated above while adminis-
tering small amounts of insulin via the intrapulmonary
route using the device of the present invention. In ac-
cordance with one method of the invention, the patient
is administered a sulfonylurea drug orally and that treat-
ment is supplemented with insulin administration in
relatively small amounts, e.g., five to ten units per dos-
ing event with two to three dosing events per day.
Alternatively, the patient is primarily treated by the
administration of insulin via the intrapulmonary route
and that treatment is supplemented by the oral adminis-
tration of sulfonylureas of the type described above.

Based on the above, it will be understood by those
skilled in the art that a plurality of different treatments
and means of administration can be used to treat a single
patient. For example, a patient can be simultaneously
treated with insulin by injection, insulin via intrapulmo-
nary administration in accordance with the present
invention, and sulfonylurea drugs, which are orally
administered. Benefits can be obtained by the oral ad-
ministration of sulfonylurea drugs in that the insulin is
naturally released by the patient in a fashion in accor-
dance with real needs related to serum glucose levels.
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This natural insulin is supplemented by smaller doses
provided by intrapulmonary administration in accor-
dance with the present invention. Should such prove to
be ineffective for whatever reason, such as breathing
difficulties, such could be supplemented by administra-
tion via injection.

Treatment via Insulin Analogs

The methodologies of the present invention can be
carried out using any type of insulin, although they are
preferably carried out using recombinantly produced
human insulin. Insulin extracted from animal sources
such as bovine or porcine sources can be used. More
recently, insulin analogs have been developed. More
specifically, novel proteins have been developed
wherein the amino acid sequence of the protein is sub-
stantially the same as the amino acid sequence of natu-
rally occurring human insulin but for small changes
substituting one amino acid for another. These small
changes can have important physiological effects with
respect to the treatment of diabetes. ,

There are two general types of insulin analogs pres-
ently used. One type of insulin analog is referred to as
superactive insulin. In general, superactive insulin has
increased activity over natural human insulin. Accord-
ingly, such insulin can be administered in substantially
smaller amounts while obtaining substantially the same
effect with respect to reducing serum glucose levels.
The other general type of analog is referred to as hepa-
tospecific insulin. Hepatospecific insulin analogs are
more active in the liver than in adipose tissue and offer
several advantages over currently available insulin ther-
apy. Hepatospecific analogs provide preferential he-
patic uptake during peripheral subcutaneous administra-
tion, thereby mimicking, more closely, the metabolic
balance between the liver and the peripheral tissues.
Obtaining the correct metabolic balance is an important
part of proper treatment of diabetics and administration
via the intrapulmonary route should provide advan-
tages over intermuscular injection with respect to ob-
taining such a balance. It may be desirable to include
mixtures of conventional insulin with insulin which is
hepatospecific and/or with superactive insulin analogs.
Hepatospecific analogs are disclosed and described
within published PCT application WO90/12814, pub-
lished Nov. 1, 1990, which application is incorporated
herein by reference for its disclosure of such hepatos-
pecific insulin analogs and in order to disclose other
information cited within the other publications referred
to within WO090/12814.

U.S. application Ser. No. 074,558 discloses a superac-
tive human insulin analog, [10-Aspattic Acid-B] human
insulin, which has increased activity over natural
human insulin. Specificaily, [10-Aspattic Acid-B]
human insulin was determined to be 4 to 5 times more
potent than natural insulins. U.S. application Ser. No.
273,957 and International Application Serial No.
PCT/US88/02289 disclose other superactive insulin
analogs, des-pentapeptide (B26-B30)-[AspBl0, TyrB25-
a-carboxamide] human insulin, (B26-B30)-[GluB10,
TyrB25-a-carboxamide] human insulin, and further insu-
lin analogs of the formula des(B26-B30)-[XF10, Tyr525-
a-carboxamide] human insulin, in which X is a residue
substituted at position 10 of the B chain. These insulin
analogs have potencies anywhere from 11 to 20 times
that of natural human insulin. All of the above-
described insulin analogs involve amino acid substitu-
tions along the A or B chains of natural human insulin,
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which increase the potency of the compound or change
other properties of the compound.

Insulin analogs are not presently used for the treat-
ment of patients on a commercial scale. However, a
number of different insulin analogs are being developed
and the present invention will be particularly applicable
with respect to the delivery of such insulin analogs in
that the present invention can be used to provide vari-
able dosing in response to currently measured serum
glucose levels. Further, since many insulin analogs are
more potent than conventional insulin, their delivery
via the intrapulmonary route is particularly convenient.

Monitoring Diabetic Control

All methods of treating diabetes involve measuring
glucose levels in some manner. Such measurements are
necessary in order to titrate proper dosing and avoid the
overadministration of insulin which can result in fatal
hypoglycemia. Measurements of urine glucose alone are
insufficient to assess diabetic control and bring mean
plasma glucose values into a near normal range since
the urine will be free of glucose when the plasma con-
centration is less than 180 mg/dl. For this reason,
“home glucose monitoring” is used in those patients
treated by continuous subcutaneous insulin infusion
(CSII) or multiple subcutaneous injection (MSI) tech-
niques. Such monitoring requires capillary blood which
can be obtained in a substantially painless manner using
a small spring-triggered device referred to as Auto-
let TM produced by Ulstr Scientific Incorporated
which device is equipped with small disposable lance-
lets. The amount of glucose is analyzed using chemi-
cally impregnated strips which are read in a commer-
cially available reflectance meter. One commercially
available strip is referred to as Chemstrip bG (produced
by Bio-Dynamics). The Chemstrip bG can provide
satisfactory values by visual inspection utilizing a dual-
color scale, thus eliminating the need for a reflectance
meter. Frequent measurement of the plasma glucose (a
fairly standard program utilizes seven or eight assays
over a 24-hour period) allows a reasonable assessment
of mean plasma glucose levels during the day and
guides adjustment of insulin dosage.

The methodology of the present invention is prefera-
bly utilized in combination with a closely controiled
means of monitoring serum glucose levels. More specif-
ically, the drug delivery device of the invention is used
to administer doses of insulin via the intrapulmonary
route. The doses may be administered in somewhat
smaller amounts than are generally administered by
injection. The amount of insulin administered can be
readily adjusted in that smaller amounts are generally
administered using the intrapulmonary delivery meth-
odology of the present invention. During the day, as
insulin is administered, serum glucose levels are fre-
quently monitored. The amount of insulin administered
can be dosed based on the monitored serum glucose
levels, i.e., as glucose levels increase, the amount of
insulin can be increased, and as glucose levels are seen
to decrease, the dosing of insulin can be decreased. It
will be noted that there is some “lag” time between the
administration of a dose of insulin and its effect on
serum glucose levels. Accordingly, when glucose levels
are seen to increase and insulin is administered, suffi-
cient time should be allowed for the glucose level to
decrease prior to the administration of additional insulin
in order tc avoid overdosing. However, as indicated
above, the present device can be readily programmed so
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as to prevent excessive administration of insulin by
programming the microprocessor to not allow the re-
lease of the valve if the valve has been released a given
number of times within a given period of time. Further,
it will be understood that there is generally less “lag”
time with intrapulmonary administration as compared
to SC injection.

Based on the information disclosed herein in combi-
nation with what is known about insulin dosing and
serum glucose levels, computer readabie programs can
be readily developed which can be used in connection
with the insulin delivery device of the present inven-
tion. More specifically, the microprocessor can be pro-
grammed so as to deliver precise doses of insulin which
correspond to the particular needs of the patient based
on serum glucose monitoring information which is sup-
plied to the microprocessor of the device of the inven-
tion. Further, the dosing information contained within
the microprocessor of the device of the invention can be
fed to a separate computer and/or serum glucose moni-
toring device (preferably portable) in order to calculate
the best treatment and dosing schedule for the particu-
lar patient.

Insulin Containing Formulations

A variety of different insulin containing formulations
can be used in connection with the present invention.
The active ingredient within such formulations is insu-
lin which is preferably recombinantly produced human
insulin but, as indicated above, may include insulin ex-
tracted from animal sources. Further, the insulin may be
an insulin analog which is an analog of human insulin
which has been recombinantly produced. Although the
insulin and/or analog is generally present by itself as the
sole active ingredient, the insulin may be present with
an additional active ingredient such as a sulfonylurea.
However, such sulfonylureas are generally adminis-
tered separately in order to more closely control dosing
and serum glucose levels.

Regardless of the active ingredient, there are four
basic types of insulin formulations which can be used in
connection with the present invention. All of the formu-
lations include insulin, preferably with a pharmaceuti-
cally acceptable carrier suitable for intrapulmonary
administration. In accordance with two preferred for-
mulations, a low boiling point, highly volatile propel-
lant is combined with the active ingredient and a phar-
maceutically acceptable excipient. In one of the two
formulations, the active ingredient is provided as a sus-
pension or dry powder in the propellant, and in the
other formulation, the active ingredient is dissolved in
solution within the propellant. Both of these formula-
tions may be readily included within a container which
has a valve as its only opening. Since the propellant is
highly volatile, i.e., has a low boiling point, the contents
of the container will be under pressure. In accordance
with another formulation, the insulin is provided as a
dry powder by itself, and in accordance with still an-
other formulation, the insulin or active ingredient is
provided in a solution formulation.

Any formulation which makes it possible to produce
aerosolized forms of insulin which can be inhaled and
delivered to a patient via the intrapulmonary route can
be used in connection with the present invention. Spe-
cific information regarding formulations which can be
used in connection with aerosolized delivery devices
are described within Remington’s Pharmaceutical Sci-
ences, A. R. Gennaro editor (latest edition) Mack Pub-
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lishing Company. Regarding insulin formulations, it is
also useful to note Sciarra et al. [Journal of Pharmaceuti-
cal Sciences, Vol. 65, No. 4, 1976]. When low boiling
point propellants are used, the propellants are held
within a pressurized canister of the device and main-
tained in a liquid state. When the valve is actuated, the
propellant is released and forces the active ingredient
from the canister along with the propellant. The propel-
lant will “flash” upon exposure to the surrounding at-
mosphere, i.e., the propellant immediately evaporates.
The flashing occurs so rapidly that it is essentially pure
active ingredient which is actually delivered to the
lungs of the patient. The “flashing” phenomenon which
occurs with the use of low boiling point propellants
greatly increases the practicality of the present inven-
tion as compared with nebulizers or formulations which
do not use such propellants in that larger amounts of
drug can be easily administered in a short period of
time. Further, since the material being delivered to the
lungs is essentially pure drug, it is easier to monitor and
more closely control dosing which is a critical feature
of the methodology of the present invention. Accord-
ingly, it is preferable to use low boiling point propel-
lants such as low boiling point chlorofluorocarbons or
hydrocarbons, e.g., trichlorofluormethane and dichlo-
rodifluoromethane. As non-chlorofluorocarbon con-
taining propellants are developed which are low boiling
point propellants, their use in connection with the pres-
ent invention will become apparent to those skilled in
the art.

The most preferred formulation of the present inven-
tion is a suspension formulation wherein a dry powder
of insulin is suspended within a low boiling point pro-
pellant with an excipient such as oleic acid. Such low
boiling point propellants are referred to by conven-
tional nomenclature and two particularly preferred
propellants are “P12” and “P114” with a particularly
preferred formulation being a 50-50 combination of P12
and P114. A somewhat less preferred formulation in-
cludes the active ingredient being included in a solution
such as the type of solution which is made commer-
cially available for injection and/or other solutions
which are more acceptable for intrapulmonary deliv-
ery. With such formulations, the propellant is pressur-
ized gas. When preparing preferred formulations of the
invention which provide for the insulin, excipient and
low boiling point propellant, any pharmaceutically ac-
ceptable excipient may be used provided the excipient is
capable of allowing suspension of the insulin with the
propellant. Compounds such as oleic acid and related
oils having a carbon chain length in the range of about
12-30 carbons can be used with oleic acid being particu-
larly preferred.

Less preferred formulations include the dry powder
by itself. When such a formulation is used, it may be
used in combination with a gas propellant which gas
propeliant is released over a predetermined amount of
dried powder which is forced into the air and inhaled by
the patient. It is also possible to design the device so that
a predetermined amount of dry powder is placed behind
a gate. The gate is opened in the same manner as the
valve is released when a predetermined airflow rate is
obtained. Thereafter, the dry powder is inhaled by the
patient and the insulin is delivered. When solution for-
mulations are used, a compressed gas is used to force the
solution from the container and create an aerosolized
form of the solution which can be inhaled by the pa-
tient.
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Formulations of the invention can include liposomes
containing insulin in combination with an amount of
alveolar surfactant protein effective to enhance the
transport of the liposomes across the pulmonary surface
and into the circulatory system of the patient. Such
liposomes and formulations containing such are dis-
closed within U.S. Pat. No. 5,006,343, issued Apr. 9,
1991, which is incorporated herein by reference to dis-
close liposomes and formulations of liposomes used in
intrapulmonary delivery. The formulations and meth-
odology disclosed in U.S. Pat. No. 5,006,343 can be
adapted for the application of insulin and included
within the delivery device of the present invention in
order to provide for effective treatments of diabetic
patients.

The terms “insulin” and “insulin analog” have been
defined above. With respect to both terms, applicant
points out that a variety of commercial insulin formula-
tions are available. Rapidly acting preparations are al-
ways indicated in diabetic emergencies and in CSII and
MSI programs. Intermediate preparations are used in
conventional and MSI regimens, and long-acting for-
mulations are used rarely. It is not possible to delineate
precisely the biologic responses to the various prepara-
tions because peak effects and duration vary from pa-
tient to patient and depend not only on route of adminis-
tration but on dose. The various insulins are available as
rapid (regular, semilente), intermediate (NPH, lente,
globin), and long-acing (PZI, ultralente) preparations,
although not all manufacturers offer all varieties. Lente
and NPH insulin are used in most conventional therapy
and are roughly equivalent in biologic effects, although
lente appears to be slightly more immunogenic and to
mix less well with regular insulin than does NPH.

Delivery Device

Before referring to the specific embodiments of the
delivery device shown in FIGS. 1 and 2, an explanation
will be provided regarding a general mechanism which
can be used in connection with the method of intrapul-
monary administration of insulin. Such a device is a
hand held, portable device which is comprised of (a) a
means for analyzing the inspiratory flow of a patient
and (b) a means for automatically releasing a measured
amount of drug into the inspiratory flow path of a pa-
tient, e.g. an automatic valve actuation means. In order
to use the device, the device must be “loaded”, i.e.
connected to (c) a source of drug which, in general, is
an insulin suspension dispersed within a low boiling
point propellant. The entire device is light weight (less
than 1 kg loaded) and portable.

A formulation of insulin in a low boiling point propel-
lant is typically contained in a pressurized canister
which is connectable to the “unloaded” device, i.e., the
device without the container. When the container of
propellant and insulin is connected to the device, the
container will include a valve opening at one end which
opening is seated into a flow path within the device.
The device preferably includes 2 mouth piece at the end
of the flow path, and the patient inhales from the mouth
piece which causes an inspiratory flow to be measured
within the flow path. This inspiratory flow causes an air
flow transducer to generate a signal. This signal is con-
veyed to a microprocessor which is able to convert,
continuously, the signal from the transducer in the in-
spiratory flow path to a flow rate in liters per minute.
The microprocessor can further integrate this continu-
ous air flow rate signal into a representation of cumula-
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tive inspiratory volume. At an appropriate point in the
inspiratory cycle, the microprocessor can send a signal
to an actuation means. When the actuation means is
signaled, it releases a valve allowing drug and propel-
lant to escape into the inspiratory flow path of the de-
vice and ultimately into the patient’s lungs. After being
released, the drug and propellant will preferably pass
through a nozzle prior to entering the inspiratory flow
path of the device and thereafter the lungs of the pa-
tient.

It is important to note that the firing threshold of the
device is not based on a single criterion such as the rate
of air flow through the device or a specific time after
the patient begins inhalation. The firing threshold is
based on an analysis of the patient’s inspiratory flow
profile. This means that the microprocessor controlling
the device takes into consideration the instantaneous air
flow rate as well as the cumulative inspiratory flow
volume when it determines the optimal point in the
patient’s inspiratory cycle which would be most prefer-
able in terms of reproducibly delivering the same
amount of drug to the patient with each release of drug.
Further, the device preferably includes 2 means for
recording a characterization of the inspiratory flow
profile for the patient which is only possible by includ-
ing a microprocessor in combination with a read/write
memory means and a flow measurement transducer. By
using such devices, it is possible to change the firing
threshold at any time in response to an analysis of the
patient’s inspiratory flow profile, and it is also possible
to record drug dosing events over time. FIG. 1 shows a
cross-sectional view of a hand held, portable, electronic
breath-actuated inhaler device which can be used in
connection with the present invention. The device is
shown with a holder 1 having cylindrical side walls and
a removable cap. The holder 1 is “loaded” in that it
includes the pressurized canister 3. The canister 3 in-
cludes a non-metering valve 5 which is held down in the
open position when the cap 2 is screwed down, thus
setting the valve 5§ into a seat 6 which is in connection
with a flow path 8.

A formulation 4 comprised of insulin and a suitable
propellant, such as a low boiling point propeliant, is
contained within the pressurized canister 3. Propellant
and insulin are released from the canister 3 via the elec-
trically controlied solenoid 7. In that the valve 5 of the
canister is continuously open, another valve, contained
within solenoid 7, facilitates the release of the drug.
When the solenoid 7 allows release of propellant and
insulin, the propellant and insulin flows through the
flow path 8 and then through the solenoid actuated
valve 9 into the flow path 10 out through nozzle 13 and
then into the inspiratory flow path 11 surrounded by
walls 12.

It is important to note that a variety of devices can be
used in order to carry out the insulin delivery methodol-
ogy of the present invention. However, the device must
be capable of allowing the release of a metered amount
of insulin based on pre-programmed criteria which are
readable by the microprocessor 22. The pre-pro-
grammed information is contained within a nonvolatile
memory which can be modified via an external device.
In another embodiment, this pre-programmed informa-
tion is contained within a “read only” memory which
can be unplugged from the device and replaced with
another memory unit containing different programming
information. In yet another embodiment, microproces-
sor 22, containing read only memory which in turn
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contains the pre-programmed information, is plugged
into the device. For each of these three embodiments,
changing the programming of the memory device read-
able by microprocessor 22 will radically change the
behavior of the device by causing microprocessor 22 to
be programmed in a different manner. As regards the
present invention, the non-volatile memory contains
information relevant only to the administration of insu-
lin. Microprocessor 22 sends signals to solenoid 7 which
determines the amount of drug delivered into the inspi-
ratory flow path. Further, microprocessor 22 keeps a
record of all drug dosing times and amounts using a
read/write non-volatile memory which is in turn read-
able by an external device. The formulation 4 contained
within canister 3 is released into the atmosphere ulti-
mately via nozzle 13 which opens into inspiratory flow
path 11. It is at this point that the low boiling point
propellant within formulation 4 flashes, i.e. rapidly
evaporates, thus providing particles of insulin in an
aerosol which is introduced into the mouth and ulti-
mately into the lungs of the patient. In order to allow
for ease of use, it is possible to form inspiratory flow
path 11 into a mouth piece which can be specifically
designed to fit the mouth of a particular patient using
the device.

The solenoid 7, and associated valve 9, flow paths 8
and 10, as well as nozzle 13 make up the aerosol deliv-
ery system 14 shown by the dotted lines within FIG. 1.
The system 14 is in connection with the flow sensor 15
which is capable of measuring a flow rate of about 0 to
about 300 liters per minute. The flow sensor 15 includes
screens 16, 17 and 18 which are positioned approxi-
mately %" apart from each other. Tubes 19 and 20 open
to the area between the screens 16, 17 and 18 with the
tubes 19 and 20 being connected to a conventional dif-
ferential pressure transducer 21. When the user draws
air through inspiratory flow path 11, air is passed
through the screens 16, 17 and 18 and the air flow can
be measured by the differential air pressure transducer
21. The flow sensor 15 is in connection with the aerosol
delivery system 14, and when a threshold value of air
flow is reached, the aerosol delivery system 14 allows
the release of formulation 4 so that insulin is delivered
to the patient. Solenoid 7 is connected to a microproces-
sor 22 via an electrical connection. The details of the
microprocessor and the details of other drug delivery
devices which might be used in connection with the
present invention are described and disclosed within
U.S. patent application Ser. No. 07/664,758, filed on
Mar. 5, 1991 entitled “Delivery of Aerosol Medications
for Inspiration” which application is incorporated in its
entirety herein by reference, and it is specifically incor-
porated in order to describe and disclose devices as
shown within FIG. 1 and the microprocessor and pro-
gram technology used therewith.

A cross-sectional view of yet another (and more pre-
ferred) embodiment of the hand held, electronic,
breath-actuated inhaler device of the invention is shown
in FIG. 2. The device of FIG. 2 shows all of the compo-
nents present within the single hand held, portable de-
vice, i.e. the power source not shown in FIG. 1 is
shown in the device in FIG. 2. Like the device shown
within FIG. 1, the device of FIG. 2 includes a canister
3 which includes a canister valve 5. However, unlike
the device of FIG. 1, the device of FIG. 2 does not have
the valve continuously open but allows a valve 5 con-
nected to the canister 3 to be opened by the mechanical
force generated by a valve actuation mechanism 26
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which is a motor driven, mechanical mechanism pow-
ered by a power source such as batteries 23 and 23".
However, like the device shown within FIG. 1, the
patient inhales through inspiratory flow path 11 which
can form a mouth piece in order to obtain a metering
event using the differential pressure transducer 21. Fur-
ther, when the inspiratory flow meets a threshold of a
pre-programmed criteria, the microprocessor 24 sends a
signal to an actuator release mechanism 25 which in-
cludes a motor 27 and actuates the actuation mechanism
26 forcing canister 3 downward so that canister valve §
releases formulation into the inspiratory flow path 11.
Further details regarding the device of FIG. 2 are de-
scribed within co-pending U.S. patent application enti-
tled “An Automatic Aerosol Medication Delivery Sys-
tem and Methods”, filed on Jan. 29, 1993 as Ser. No.
08/002,507, which application is incorporated herein by
reference in its entirety and specifically incorporated in
order to describe and disclose devices as shown within
FIG. 2 and the microprocessor and program technol-
ogy used therewith.

Microprocessor 24 of FIG. 2 includes an external
non-volatile read/write memory subsystem, peripheral
devices to support this memory system, reset circuit, a
clock oscillator, a data acquisition subsystem and an
LCD annunciator subsystem. The discrete components
are conventional parts which have input and output
pins configured in a conventional manner with the con-
nections being made in accordance with instructions
provided by the device manufacturers. The micro-
processor used in connection with the device of the
invention is designed and programmed specifically so as
to provide controlled and repeatable amounts of insulin
1o a patient upon actuation. Adjustments can be made in
the program so that when the patient’s inspiratory flow
profile is changed such is taken into consideration. This
can be done by allowing the patient to inhale through
the device as a test in order to measure air flow with
preferred drug delivery points determined based on the
results of several inhalations by each particular patient.
This process can be readily repeated when the inspira-
tory flow profile is changed for whatever reason, e.g.
recent exercise congestion. Determination of optimal
drug delivery points in the inspiratory flow can be done
at each dosing event, daily, weekly, or with the replace-
ment of a new canister in the device.

The microprocessor of the present invention, along
with its associated peripheral devices, can be pro-
grammed so as t0 prevent the release of drug from the
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canister from occurring more than a given number of 50

times within a given period of time. This feature makes
it possible to prevent overdosing the patient with insu-
lin. The overdose prevention feature can be particularly
designed with each individual patient in mind or de-
signed with particular groups of patients in mind. For
example, the microprocessor can be programmed so as
to prevent the release of more than approximately 35
units of insulin per day when the patient is normally
dosed with approximately 25 units of insulin per day.
The systems can also be designed so that only a given
amount of insulin is provided at a given dosing event.
For example, the system can be designed so that only
approximately 10 units of insulin is given in a given
15-minute period over which the patient will make
approximately 10 inhalations with one unit of insulin
being delivered with each inhalation. By providing this
feature, greater assurances are obtained with respect to
delivering the insulin gradually over time.
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Another feature of the device is that it may be pro-
grammed so as to take into account the chronobiology
of the patient. More specifically, the program can be
designed so that audio signals or visual signals or a
combination of audio and visual signals are provided to
the patient advising the patient that insulin should be
administered. The timing of these signals is set to the
particular biology or chronobiology of the patient, tak-
ing into account normal serum glucose levels of that
patient and/or the particular time of day. When the
signal is provided, the patient will administer what is
believed to be the appropriate amount of insulin for that
particular time of day.

The microprocessor of the invention can be con-
nected to external devices permitting external informa-
tion to be transferred into the microprocessor of the
invention and stored within the non-volatile read/write
memory available to the microprocessor. The micro-
processor of the invention can then change its drug
delivery behavior based on this information transferred
from external devices. For example, as indicated above,
it is critical to periodically monitor serum glucose levels
in a patient suffering from diabetes. The glucose level
information can be provided to the microprocessor,
recorded in the associated read/write non-volatile
memory, and appropriate calculations made in order to
determine if additional insulin should be provided or if
a decreased amount of insulin should be administered.
This feature adds to the convenience of the invention
and increases the safety of the entire dosing methodol-
ogy. Further, this feature makes it possible to interrelate
the intrapulmonary delivery of insulin with other treat-
ment methodologies such as the administration of oral
hypoglycemic agents and injected insulin. All of the
features of the invention are provided in a portable,
programmable, battery-powered, hand-held device for
patient use which has; a size which compares favorably
with existing metered dose inhaler devices.

In addition to monitoring serum glucose levels in
order to determine proper insulin dosing, the micro-
processor of the present invention is programmed so as
to allow for monitoring and recording data from the
inspiratory flow monitor without delivering drug. This
is done in order to characterize the patient’s inspiratory
flow profile in a given number of monitoring events,
which monitoring events preferably occur prior to dos-
ing events. After carrying out a monitoring event, the
preferred point within the inspiratory cycle for drug
delivery can be calculated. This calculated point is a
function of measured inspiratory flow rate as well as
calculated cumulative inspiratory flow volume. This
information is stored and used to allow activation of the
valve when the inhalation cycle is repeated during the
dosing event. The devices of FIGS. 1 and 2 have been
put forth in connection with devices which use a low
boiling point propellant and preferably use that propel-
lant in combination with a suspension formulation
which includes the dry powdered insulin within the
low-boiling-point propellant. Those skilled in the art
will readily recognize that such devices can be used for
administering a solution of insulin within the low-boil-
ing-point propellant. However, those skilled in the art
will also readily recognize that different mechanisms
will be necessary in order to deliver different formula-
tions, such as a dry powder without any lo propellant.
A device could be readily designed so as to provide for
the mechanical movement of a predetermined amount
of dry powder to a given area. The dry powder would
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be concealed by a gate, which gate would be opened in
the same manner described above, ie., it would be
opened when a predetermined flow rate level and cu-
mulative volume have been achieved based on an earlier
monitoring event. Patient inhalation would then cause
the dry powder to form a dry dust cloud and be inhaled.
Dry powder can also be aerosolized by compressed gas,
and a solution can be aerosolized by a compressed gas
released in a similar manner and then inhaied.

The instant invention is shown and described herein
in which is considered to be the most practical and
preferred embodiments. It is recognized, however, that
the departures may be made therefrom which are
within the scope of the invention and that obvious mod-
ifications will occur to one skilled in the art upon read-
ing this disclosure.

I claim:

1. A method of intrapulmonary administration of
insulin, comprising:

measuring the inspiratory flow of a patient and calcu-

lating a threshold level in an inhalation cycle at
which release of drug is to take place, the threshold
level being determined in a manner so as to maxi-
mize the repeatability of the amount of insulin de-
livered to the patient on releasing insulin;

releasing a metered dose of aerosolized insulin from a

pressurized canister containing insulin in combina-
tion with a low boiling point propellant, the releas-
ing being carried out upon reaching the threshold
level generated by the patient inhaling;

inhaling the metered dose of aerosolized insulin into

the lungs of a patient; and

monitoring serum glucose levels within the patient;

wherein the measuring, releasing, inhaling and moni-

toring steps are continuously repeated in a manner
SO as to maintain a desired serum glucose level in
the patient.

2. The method of claim 1, wherein information ob-
tained from the monitoring is electronically processed
by a microprocessor programmed to release insulin in a
manner sO as t0 maintain a desired serum glucose level
in the patient.

3. The method of claim 1, further comprising:

repeating the measuring prior to each releasing, inhal-

ing and monitoring step over a period of time so as
to maintain a desired serum glucose level in the
patient.

4. The method of claim 1, wherein the insulin is
recombinantly produced human insulin.

5. The method of claim 1, wherein the insulin is ex-
tracted from an animal source selected from the group
consisting of bovine and porcine.

6. A method of intrapulmonary administration of
insulin, comprising;:

measuring the inspiratory flow of a patient during an

inhalation cycle prior to administering insulin and
calculating a threshold level of airflow prior to
administering insulin, wherein the threshold level
of inspiratory flow is determined in a manner so as
to maximize repeatability of the amount of insulin
delivered to the patient on releasing insulin;
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administering insulin to the patient by the intrapulmo-
nary route, the insulin being administered from a
hand-held, self-contained device which releases
insulin on detecting the threshold level of inspira-
tory flow created by patient inhalation;

monitoring serum glucose levels in the patient; and

repeating the measuring, administering and monitor-
ing steps a plurality of times over a period of time
so as to maintain a desired serum glucose level in
the patient.

7. The method as claimed in claim 6, wherein the
amount of insulin administered and the glucose level
monitored are continually recorded electronically by
the self-contained device and adjustments are made in
the amount of insulin administered based on the effect
of insulin administration on the glucose levels of the
patient.

8. The method as claimed in claim 6, wherein the
amount of insulin administered is in the range of 1 unit
per day to 50 units per day.

9. The method as claimed in claim 6, wherein the
desired serum glucose level in the patient is within the
range of 50 mg/dl to 300 mg/dl.

10. The method as claimed in claim 6, wherein the
insulin is recombinantly produced human insulin.

11. The method as claimed in claim 6, wherein the
insulin is insulin extracted from an animal source group
consisting of a bovine source and a porcine source.

12. The method of claim 6, further comprising:

orally administering a sulfonylurea drug to the pa-

tient.

13. The method of claim 12, wherein the sulfonylurea
drug is selected from the group consisting of acetohexa-
mide, chlorpropamide, tolazamide, tolubutamide, glip-
zide and glyburide.

14. The method of claim 6, wherein the monitoring is
carried out prior to each dosing event, wherein insulin
is administered to the patient.

15. A method of intrapulmonary administration of
insulin, comprising:

placing a mouthpiece of a hand-held, metered dose

inhaler device in the mount of a patient, wherein
the device is comprised of a container having
therein insulin and a low boiling point propellant, a
valve for releasing insulin and propellant from the
container to the mouthpiece, a means for measur-
ing airflow created by drawing air from the mouth-
piece and a means for opening the valve in response
to a measured threshold of airflow;

drawing air from the mouthpiece until a threshold is

reached so as to cause the valve to open and release
a controlled amount of insulin and propellant
which is drawn into the lungs of the patient,
wherein the device includes a microprocessor con-
nected to the means for measuring airflow and
means for opening the valve, the microprocessor
being programmed to control the amount of insulin
released, based on the needs of the patient, wherein
the threshold level is a level calculated to obtain
maximum reproducibility in the amount of insulin

delivered to the patient with each release of insulin.
* * * & *



