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(57) ABSTRACT 

A hyperthermic treatment of lung cancer in a patient and 
delivering therapeutic or diagnostic biological agents to 
airway Surfaces, where preselected pulmonary air passages 
adjoining pulmonary tissues comprising malignant cells are 
temporarily filled and then heating adjoining pulmonary 
tissues comprising the malignant cells to a temperature in a 
Specified range by transmitting ultrasound through the liq 
uid-filled pulmonary passages of a Specific frequency. Also 
disclosed is an apparatus for applying the ultrasound at the 
appropriate frequency to the interior Surfaces of a bodily 
cavity for diagnostic and therapeutic treatment. 
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APPARATUS FOR PULMONARY DELIVERY OF 
DRUGS WITH SIMULTANEOUS LIQUID LAVAGE 

AND VENTILATION 

0001. This is a continuation-in-part of co-pending appli 
cation Ser. No.399,943 filed on Aug. 28, 1989. 
0002 This invention was made with government support 
under Small Business Innovation Research Program Grant 
No. 1 R43 CA48611-01 awarded by the Public Health 
Service, department of Health and Human Services. The 
government has certain rights in the invention. 

TECHNICAL FIELD 

0003. The invention relates to methods and means for 
introducing liquids into the pulmonary System of patients for 
the treatment of pulmonary and/or Systemic disease, condi 
tions and/or abnormalities Such as, for example, to effect 
hyperthermic treatment and augmented radiotherapy and 
chemotherapy of lung cancer. This invention also relates to 
the employment of liquid as a means of delivering, through 
the pulmonary air passages of a patient, biological agents. 

BACKGROUND OF THE INVENTION 

0004. In the United States there has been a steady rise in 
the age-adjusted national death rate from pulmonary related 
diseases. The overwhelmingly predominant contributor to 
this trend is lung cancer. Currently about 8% of all deaths in 
the industrialized World are attributed to lung cancer. In the 
United States, an estimated 155,000 new cases of lung 
cancer are currently diagnosed each year, and about 142,000 
will die of the disease, about 1 death every 4 minutes only 
about 10% of the patients currently diagnosed with lung 
cancer will Survive beyond 5 years. 
0005) Lung cancer, or bronchial carcinoma, refers strictly 
to tumors arising from the major airways (bronchi) and 
pulmonary parenchyma (bronchioles, alveoli, and Support 
ing tissue), as opposed to those metastasizing from other 
Sites. The four major forms of lung cancer, Squamous cell 
carcinoma (SCC), adenocarcinoma (AC), large cell anaplas 
tic carcinoma (LCAC), and Small cell anaplastic carcinoma 
(SCAC), account for 98% of pulmonary malignancies. 
Although lung cancer can occur anywhere in the lungs, 
about three-quarters of primary lung cancers occur in and/or 
on the bronchial walls within the first three bronchial 
generations, i.e., near or proximal to the hilus, the region 
where the airways and major vessels enter and leave each 
lung. A Smaller percentage occur in more distal areas of the 
parenchyma. Many tumors occur near the carina, at the 
junction of the right and left bronchi with the trachea, 
presumedly due to increased deposition of inhaled carcino 
gens. Squamous cell carcinoma tumors, the most common 
histological type, making up 30-40% of lung tumors, arise 
inside the surface layer of the bronchial wall and then invade 
the wall and adjacent Structures. Squamous cell carcinomas 
tend to be relatively localized with less tendency than the 
other lung cancer tumors to metastasize. Adenocarcinoma 
tumors, also comprising 30-40% of lung cancers, occur in 
the mid- to Outer third of the lung in about three-quarters of 
the cases. Adenocarcinomas tend to metastasize widely and 
frequently to other lung Sites, the liver, bone, kidney, and 
brain. Small cell cancer, accounting for about 20% of all 
lung cancer, is the most aggressively metastatic and rapidly 
growing, and can begin near the hilus or in the lung 
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periphery. Large cell tumors account for only a few percent 
of lung cancer and can occur anywhere in the lung. “Local 
failure,” where primary tumors spread to mediastinal lymph 
nodes, pleura, adrenal glands, bone, and brain, is common 
with adenocarcinoma, Small cell anaplastic carcinoma, and 
large cell anaplastic carcinoma, and less So in Squamous cell 
carcinoma. 

0006 The current “curative” treatment for lung cancer is 
Surgery, but the option for Such a cure is given to very few. 
Only about 20% of lung cancer is resectable, and out of this 
number less than half will survive five years. Radiation 
therapy (RT) is the standard treatment for inoperable non 
Small cell cancer, and chemotherapy (alone or with radiation 
therapy) is the treatment of choice for Small cell and other 
lung cancer with wide metastasis. Patients with clinically 
localized but technically unresectable tumors represent a 
major problem for the radiotherapist, accounting for an 
estimated 40% of all lung cancer cases. 
0007 Adjunctive hyperthermia, the use of deep heating 
modalities to treat tumors, is being used increasingly to 
augment the therapeutic efficacy of radiotherapy and che 
motherapy in cancer treatment. It has been estimated that 
eventually “hyperthermia will be indispensable for 20 to 
25% of all cancer patients'1; see the appended listing of 
literature citations. Hyperthermia clinical research is 
increasingly showing the importance of using specialized 
heating equipment to treat Specific anatomical locations and 
Sites rather than devices with more general-purpose, heating 
capabilities. Unfortunately, current hyperthermia devices are 
ill-Suited to providing deep, localized heating of lung cancer. 
Because of this limitation, Very few applications of localized 
lung hyperthermia have been recorded in the literature 2. 

0008 Kapp 8) has shown that, in terms of absolute 
numbers of patients (15,000 in 1987), more lung cancer 
patients would benefit from effective local hyperthermia 
than in any other cancer category, with the possible excep 
tion of prostate carcinoma. Because of the present difficulty 
of heating tumors locally in a controlled fashion in the center 
of the thorax, the techniques most commonly attempted for 
lung cancer hyperthermia to date have been whole-body 
hyperthermia (WBH), and radio-frequency (RF) heating of 
locoregional lung areas 2.9). While whole-body hyperther 
mia has produced Some encouraging results in combination 
with chemotherapy, the technique is unsatisfactory Since it 
produces Significant Systemic toxicity and mortality, and 
because the thermal dose is limited due to long induction 
times (warmup) and the need to maintain core temperatures 
below 42°C. The electromagnetic (EM) approaches to lung 
heating have also been disappointing, due to the unpredict 
ability of the heating patterns produced, the difficulty of 
measuring intratumoral temperatures in electromagnetic 
fields, the propensity of radio-frequency heating to prefer 
entially heat Superficial fat, and because of the physical 
inability of electromagnetic modalities to produce Small 
focal Volumes. The modern microwave body-Surrounding 
array Systems also Suffer from difficulties associated with 
localization and predictability of heating, thermometry arti 
facts, and heat Spikes at fat muscle interfaces. 
0009 Because of its characteristically small wave 
lengths, therapeutic ultrasound has the best capability for 
providing local heating in the body of all the conventionally 
used hyperthermia modalities. Focused and unfocused ultra 
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Sound beams are routinely used clinically to Successfully 
provide localized hyperthermia to many tumors residing in 
Soft tissues and organs. However, the presence of air in the 
lung has precluded this valuable energy Source from being 
applied to lung hyperthermia. 

0.010 Thus, the need for a means of delivering safe, 
effective, and well-tolerated localized heating to lung tumors 
is clear. The invention solves this problem, in the preferred 
embodiment, by an unconventional use of “breathable liq 
uids” (e.g., perfluorocarbon liquids) and therapeutic ultra 
Sound. 

0.011 AS used herein, the phrase “breathable liquids' 
refers to liquids which have the ability to deliver oxygen 
into, and to remove carbon dioxide from, the pulmonary 
System (i.e., the lungs) of patients. Examples of breathable 
liquids include, but are not limited to, Saline, Silicone and 
vegetable oils, perfluorochemicals, and the like. One of the 
presently-preferred breathable liquids is perfluorocarbon liq 
uids. 

0012 Perfluorocarbon (also referred to herein as “PFC) 
liquids are derived from common organic compounds by the 
replacement of all carbon-bound hydrogen atoms with fluo 
rine atoms. They are clear, colorless, odorless, nonflam 
mable, and essentially insoluble in water. They have 
extremely high dielectric Strength and resistivity. They are 
denser than water and Soft tissue, have low Surface tension 
and, for the most part, low Viscosity. Perfluorocarbon liquids 
appear to have the lowest Sound Speeds of all liquids and are 
also unique in their high affinity for gases, dissolving up to 
20 times as much O and over three times as much CO as 
water. Like other highly inert carbon-fluorine materials 
which are widely used in medicine (e.g., in drugs, Teflon 
implants, blood oxygenator membranes, etc.), perfluorocar 
bon liquids are extremely nontoxic and biocompatible. For 
a review, see: Biro, P. B., and P. Blais, Perfluorocarbon blood 
substitutes, in CRC critical Reviews in Oncology/Hematol 
ogy, Vol. 6, No. 4, pp. 311-374, 1987, which is hereby 
incorporated by reference. 

0013 To date, about 300 liquid compounds have been 
investigated for blood-gas exchange applications 4). Those 
liquids which have evolved as artificial blood substitutes are 
complex perfluorocarbon liquid-based aqueous emulsions 
containing various chemical Stabilizers and Viscosity modi 
fiers, along with conventional parenteral additives (glucose, 
electrolytes, starch, and buffers). Compatibility with blood 
and a Surprising lack of major adverse effects have been 
demonstrated in Several animal Species. The first adminis 
tration of perfluorocarbon liquid blood substitute (Fluosol 
DA, one of four commercial blood Substitutes now avail 
able) to human volunteers occurred in 1978 10), with the 
first clinical use taking place shortly after in 197911, 12). 
Subsequently, numerous other Studies have been carried out 
in Japan, the United States, Canada, and Europe that have 
confirmed the comparatively benign impact of infusing 
Significant amounts (Some tests used liters) of the perfluo 
rocarbon/water emulsions directly into the Systemic blood 
circulation 13, 14, 15). The blood substitutes are not yet 
ready for general clinical Systemic use for two reasons: a) 
the requirement to form an emulsion to Suspend the per 
fluorocarbon particles Significantly reduces the Volume frac 
tion of the gas carrier (the perfluorocarbon), thus large 
Volumes must be infused, and b) the emulsion gradually 
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coalesceS as it circulates, leading to premature removal of 
many of the synthetic constituents from the blood. However, 
Studies are currently ongoing in a number of clinically 
related therapeutic perfluorocarbon applications primarily 
taking advantage of the oxygen carrying capacity of blood 
substitute emulsions 16, 17, 18, 19. 

0014. It was first demonstrated that mammals submerged 
in hyperoxygenated Saline could breathe liquid and Success 
fully resume gas breathing in 1962. 20). However, this 
approach to liquid ventilation (LV) was eventually aban 
doned, due to the practical difficulties of dissolving Sufficient 
quantities of O in Saline (done under high pressure), and 
because Saline rinses away much of the Surfactant lining the 
lung alveoli 21). These problems were overcome in 1966, 
by Dr. Leland Clark 22), who was the first to use perfluo 
rocarbon liquids-(now oxygenated at atmospheric pressure) 
to Support the respiration of mice, cats, and puppies. The 
extreme biocompatability and Suitable properties of certain 
perfluorocarbon liquids has Subsequently led to a significant 
body of ongoing research yielding promising clinical appli 
cations. 

0015 To date it has been clearly established that mam 
mals can breathe (total ventilation Support) oxygenated 
perfluorocarbon liquids for long periods (>3 hours) and 
return to gas breathing without untoward long-term effects 
23, 24). In addition, studies have also shown that no adverse 
morphological, biochemical, or histological effects are Seen 
after perfluorocarbon ventilation 24, 25, 26. 

0016 Perfluorocarbon liquids have also been investi 
gated for lung lavage (washing) 27, and have been found 
to be effective for rinsing out congestive materials associ 
ated with Respiratory Distress syndrome (RDS) in adult 
humans 28). While total respiratory support of both lungs 
via perfluorocarbon liquids is not without Side effects, they 
are minor and transient (mild acidosis, lower blood PO, and 
increased pulmonary vascular resistance and decreased lung 
compliance) 3, 29, 30, 31). Other biomedical applications 
of perfluorocarbon liquid ventilation have also received 
serious research effort 32, 33). 
0017 Pertinent to convective lung hyperthermia, i.e., 
lung heating by the repetitious infusion and removal of hot 
liquids to and from the lung, Studies of the physiological 
heat eXchange occurring from high- and low-temperature 
perfluorocarbon ventilation of animals have also been per 
formed 30, 41, 42). These studies have involved complete 
lung liquid heating and cooling, and have been done at only 
moderate temperatures, but have illuminated and quantified 
many relevant physiological responses and Systemic tem 
perature effects. A very recent Study 43 reporting hyper 
thermic (to 45 C.) convection heating of lungs involved 
Sustained heating of Surgically isolated dog lung lobes via 
heated blood perfusion, i.e., heating induced from the blood 
Side rather than the airway Side. Taking measurements of 
lung edema, compliance, perfusion pressure, and Serotonin 
uptake during 2-hour Sustained hyperthermia (done at 37.6, 
40.7, and 44.5 C., time-averaged lung temperatures), no 
Significant changes in lung parameters were found other than 
expected increases in perfusion pressure with temperature. 
The authors conclude that a normal lung appears to tolerate 
well the Sustained heating regimens appropriate for cancer 
hyperthermia applications. 
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0018. However, the problem of how to effect controlled 
and Sufficiently localized hyperthermia of malignant lung 
tissue has, until now, remained unsolved. 
0.019 AS stated earlier, one way of treating pulmonary 
related diseases, conditions and/or abnormalities is by the 
implementation of chemotherapeutic agents, either alone or 
in conjunction with other therapeutic techniques (e.g., radio 
therapy). However, there are many problems existing when 
employing conventional techniques of chemotherapy. For 
example, in the presence of lung disease and intrapulmonary 
shunting, Systemically administered drugs are ineffectually 
delivered to the diseased portion of the lung. 
0020. One conventional method of introducing such 
agents into a patient's pulmonary System consists of inter 
rupting ventilatory Support and exposing the delicate lung 
tissueS of the pulmonary System to higher, and potentially 
traumatizing, pressures needed for manually delivering the 
agents. When practicing many of the conventional chemo 
therapeutic techniques, the final distribution of the agents, 
throughout the patient's pulmonary System, is generally 
non-uniform and typically “patchy'. 
0021 Another problem associated with the presently 
practiced methods of chemotherapeutic treatment of pulmo 
nary-related diseases, conditions and/or abnormalities is 
often encountered during intensive care life Support proce 
dures. During Such procedures, conventional gas ventilation 
is employed to maintain lung Stability and to prevent lung 
collapse. However, the deleterious consequences of Such life 
Support procedures often precludes Successful weaning from 
the particular life Support System back to pulmonary gas 
eXchange. AS Such, the practice of chemotherapeutic treat 
ment, in conjunction with Such conventional life Support 
Systems and/or procedures, is Severely hampered. 
0022 AS exemplified above, there are significant prob 
lems which exist with conventional chemotherapeutic tech 
niques of treating pulmonary-related diseases, conditions 
and/or abnormalities. Until this invention, these problems 
were unsolved. 

SUMMARY OF THE INVENTION 

0023 The invention provides, in one embodiment, a 
hyperthermic treatment of lung cancer, which includes the 
Steps of temporarily filling with a liquid medium prese 
lected pulmonary air passages adjoining pulmonary tissues 
containing malignant cells, circulating exogenously heated 
liquid medium having a temperature in the range of from 
about 41° to about 50° C. (preferably from about 42° to 
about 45° C) through the liquid-filled pulmonary air pas 
Sages for a predetermined period of time, and thereafter 
removing the liquid medium from the pulmonary air pas 
Sages of the patient. The liquid medium may be a perfluo 
rocarbon liquid or physiological Saline Solution. Suitable 
perfluorocarbon liquids having the requisite physical and 
thermal properties are characterized by an average molecu 
lar weight in the range of from about 350 to about 560 and 
by having: a viscosity less than about 5 CP at 25 C., a 
density less than about 2.0 g/cms at 25 C., a boiling point 
greater than about 55 C., a vapor pressure in the range of 
from about 20 Torr to about 200 Torr, and a Prandtl number 
less than about 10 at 25 C. Representatives of such per 
fluorocarbon liquids are FC-84, FC-72, RM-82, FC-75, 
RM-101, and perfluorodecalin. The preferred group of per 
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fluorocarbon liquids is characterized by having an average 
molecular weight in the range of from about 420 to about 
460, a vapor pressure less than about 100 Torr at 25 C., and 
a surface tension less than about 17 dynes/cm at 25 C. 
0024. The invention provides in another embodiment a 
hyperthermic treatment of lung cancer using ultrasound, 
including the Steps of temporarily filling with a liquid 
medium preselected pulmonary air passages adjoining pull 
monary tissues comprising malignant cells, heating the 
adjoining pulmonary tissues comprising the malignant cells 
to a temperature in the range of from about 41 to about 50 
C. (preferably from about 42 to about 45° C) for a 
predetermined period of time by transmitting ultrasound 
through the liquid-filled pulmonary air passages, and there 
after removing the liquid medium from the pulmonary air 
passages of the patient. Perfluorocarbon liquids having the 
requisite physical, thermal, and acoustic properties for this 
ultrasound treatment are characterized by an average 
molecular weight in the range of from about 400 to about 
560. Such perfluorocarbon liquids are also characterized by 
having: viscosity less than about 5 CP at 25 C., density less 
than about 2.0 g/cm at 25 C., boiling point greater than 
about 75 C., vapor pressure in the range of from about 25 
Torr to about 100 Torr, Surface tension below about 17 
dyneS/cm at 25 C., acoustic impedance in the range of from 
about 0.8 to about 1.6 MegaRayls at 37 C., and acoustic 
attenuation less than about 1.2 dB/cm (at 1.0 MHz, 45 C., 
and acoustic intensity of about 3 W/cm). The preferred 
group of perfluorocarbon liquids for this purpose is charac 
terized by an average molecular weight in the range of from 
about 420 to about 460, and representative of these are 
FC-75, RM-101, and perfluorodecalin. Operable and pre 
ferred ultrasound frequency ranges are also disclosed, for 
use with different liquid-filled regions of the pulmonary air 
passages. The ultrasound may be produced by a transducer 
disposed within the liquid-filled pulmonary air passages, or 
the transducer may be disposed exogenous to the liquid 
filled pulmonary air passages. For example, the ultrasound 
may be transmitted through an intercostal Space of the 
patient, or it may be transmitted from an exposed Surface of 
the lung into the Volume of Same during an intra-operative 
application involving an "acoustic window' into the lung 
created by Surgical means. 
0025. In yet another embodiment, the invention provides 
liquid infusion and isolation catheters, intracavitary ultra 
Sound applicators, and intercostal ultrasound applicators for 
practicing the disclosed convection and/or ultrasound hyper 
thermia treatments of lung cancer. 
0026. In even another embodiment, the invention pro 
vides a means for delivering biological agents directly to at 
least a portion of the pulmonary System via liquid-born 
agents which are either recirculated in and out of the 
pulmonary System (e.g., by liquid lavage or liquid ventila 
tion) or maintained Static (i.e., non-recirculated) for 
extended periods of time. Breathable liquids are capable of 
providing, Simultaneously, ventilation during drug delivery. 

0027. In still another embodiment, the invention provides 
a means to directly acceSS cardiac output for drug infusion 
of biological agents, when Systemic collapse precludes intra 
vascular administration of Such agents. 
0028. Other objects, aspects and embodiments of the 
invention will become apparent to those skilled in the art 
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upon reading the following detailed description, when con 
sidered in conjunction with the accompanying drawings and 
the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0029 FIG. 1 depicts a representative liquid infusion and 
isolation catheter according to the invention; 
0030 FIG. 2 depicts a pair of representative intercostal 
ultrasound applicators, 
0.031 FIG. 3 shows a representative intracavitary ultra 
Sound applicator, and also an optional cuff plug, 
0.032 FIG. 4 shows the construction of a representative 
intracavitary transducer assembly; 
0.033 FIG. 5 shows another representative intracavitary 
ultrasound applicator; 
0034 FIG. 6 illustrates in greater detail the representa 
tive transducer assembly shown in FIG. 5; 
0.035 FIG. 7 is a graph indicating the molecular weights 
of representative perfluorocarbon liquids, 
0.036 FIG. 8 is a graph indicating the surface tension 
(dyneS/cm) of representative perfluorocarbon liquids; 
0037 FIG. 9 is a graph indicating the viscosity at 25°C. 
(CP) of representative perfluorocarbon liquids; 
0038 FIG. 10 is a graph indicating the density at 25°C. 
(g/cm of representative perfluorocarbon liquids; 
0.039 FIG. 11 is a graph indicating the oxygen solubility 
(ml/100 ml) of representative perfluorocarbon liquids; 
0040 FIG. 12 is a graph indicating the boiling point ( 
C.) of representative perfluorocarbon liquids; 
0041 FIG. 13 is a graph indicating the vapor pressure 
(Torr) of representative perfluorocarbon liquids; 
0.042 FIG. 14 is a schematic depiction of a representa 
tive acoustical test System; 
0.043 FIG. 15 is a graph indicating the velocity of Sound 
(km/sec) in representative perfluorocarbon liquids; 
0044 FIG. 16 is a graph indicating the acoustic imped 
ance (MegaRayls) of Selected tissues and representative 
perfluorocarbon liquids at 37 C.; 
004.5 FIG. 17 is a graph indicating the acoustic imped 
ance (RaylsX106) of representative perfluorocarbon liquids 
as compared with water; 
0.046 FIG. 18 is a graph indicating the relationship 
between perfluorocarbon cavitation threshold (W/cm) and 
temperature (C.) as a function of gas Saturation; 
0047 FIG. 19 is a graph depicting acoustic losses in 
perfluorocarbon liquids by plotting the relationship between 
perfluorocarbon acoustic intensity (W/cm) and electrical 
intensity (W/cm) at 1.0 MHz and 25° C.; 
0.048 FIG. 20 is a graph depicting acoustic losses in 
perfluorocarbon liquids by plotting the relationship between 
perfluorocarbon acoustic intensity (W/cm) and electrical 
intensity (W/cm) at 0.5 MHz and 25° C.; 
0049 FIG. 21 is a graph depicting acoustic losses in 
perfluorocarbon liquids by plotting the relationship between 
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perfluorocarbon acoustic intensity (W/cm) and electrical 
intensity (W/cm) at 0.25 MHz and 25° C.; 
0050 FIG. 22 is a graph indicating the relationship 
between perfluorocarbon attenuation (dB/cm) and acoustic 
intensity (W/cm) as functions of temperature (25 or 45° 
C.) and frequency (MHz); 
0051 FIG. 23 is a graph indicating the relationship 
between acoustic intensity (W/cm?) and electrical intensity 
(W/cm) for FC-75 at 0.25 MHz and 45° C.; 
0.052 FIG. 24 is a graph of acoustic intensity (W/cm 
versus electrical intensity (W/cm), indicating the attenua 
tion range of various perfluorocarbons at 1.0 MHz and 25 
C.; 

0.053 FIG. 25 is a graph of acoustic intensity (W/cm) 
versus electrical intensity (W/cm), indicating the attenuat 
ing effects of gas saturation in perfluorocarbon FC-75 at 1.0 
MHz and 25 or 45 C.; 

0054 FIG. 26 is a graph of attenuation coefficient (dB/ 
cm) versus frequency (MHz), showing in vitro perfluoro 
carbon-filled lung attenuation at various frequencies (MHz); 
0055 FIG. 27 is a graph of sound speed (m/sec) versus 
temperature (C.), indicating the predominance of perfluo 
rocarbon FC-75 in establishing the sound speed in liquid 
filled lungs; these properties are compared with blood and 
muscle; 

0056 FIG.28 is a graph of lung temperature (C.) versus 
treatment time (min), demonstrating ultrasound hyperther 
mia of perfluorocarbon-filled pulmonary air passages, 

0057 FIG. 29 is a schematic diagram of the Large 
Animal Liquid Ventilation System at Temple University; 
0.058 FIG. 30 is a graph of tissue temperature ( C.) 
versus treatment time (min), demonstrating perfluorocarbon 
convection lung hyperthermia as a function of tidal Volume 
and liquid inspiration temperature; 

0059 FIG. 31 is a graphical depiction of ultrasound 
beam profiles from representative intracavitary applicators, 
0060 FIG. 32 is a graphical depiction of intracavitary 
phantom SAR profiles; 
0061 FIG. 33 is a graphical depiction of intracavitary 
applicator axial SAR profiles, 
0062 FIG. 34 is a schematic diagram of a representative 
liquid-filled lung convection hyperthermia and liquid infu 
Sion System, wherein the following abbreviations apply: IP, 
insp. pump; EP, exp. pump; ITP, insp. temp. probe, ETP, eXp. 
temp. probe; IFM, insp. flow meter; EFM, exp. flow meter; 
IR, insp. reservoir; ER, eXp. reservoir, CV, check valve; 
IRTP, insp. res. temp. probe; GCP, gas circular pump; and 
FS, free Surface; 
0063 FIG. 35 is a graphical depiction of cardiopulmo 
nary responses to the pulmonary administration of acetyl 
choline; 
0064 FIG. 36 is a graphical depiction of cardiopulmo 
nary responses to the pulmonary administration of epineph 
rine; 
0065 FIG. 37 is a graphical depiction of cardiovascular 
responses to the pulmonary administration of priscoline; and 
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0.066 FIG.38 is a representative apparatus for producing 
a uniformly dispersed drug-containing phase within a con 
tinuous liquid delivery phase. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0067. The invention provides, in one embodiment, a 
method of treating lung cancer by convection hyperthermia. 
Preselected pulmonary air passages that adjoin pulmonary 
tissues containing malignant cells are temporarily filled with 
a liquid medium Such as physiological Saline Solution or, 
preferably, a perfluorocarbon liquid. By “pulmonary air 
passages” is meant the pulmonary channels, Spaces or Vol 
umes in the trachea, left and right bronchi, bronchioles, and 
alveoli of the lungs that are normally occupied by air. In the 
practice of the invention, only the pulmonary air passages in 
contact with or near a patient's tumor site(s) are typically 
filled with the liquid medium, and gaseous ventilation of the 
remaining pulmonary air passages is maintained. Depending 
on the location of the lung cancer, as determined by avail 
able diagnostic methods, the fluid-filled pulmonary air pas 
Sages may be localized in a lung, lobe or lung Segment, 
and/or the bronchial tree may be selected for localized filling 
with the liquid medium. Localized filling of the pulmonary 
air passages in Such a preselected manner can be effected by 
means of the representative infusion catheters described 
below. Diagnostic ultraSonic imaging can be used to monitor 
the filling of the pulmonary air passages, if either physi 
ological Saline or a perfluorocarbon liquid Serves as the 
liquid medium. During the filling Step, the perfluorocarbon 
liquid is preferably degassed at least 50%, and is most 
preferably Substantially (almost totally) degassed. 
0068 To effect the localized convection hyperthermia 
treatment, exogenously heated liquid medium having a 
temperature in the range of from about 41 to about 50 C., 
and preferably from about 42 to about 45 C., is circulated 
through the liquid-filled pulmonary air passages for a period 
of time that may be determined at the discretion of the 
attending physician. During, prior to or Subsequent to this 
hyperthermic treatment, the malignant cells may be irradi 
ated with ionizing radiation Such as X-rays, electron beams, 
neutron beams, etc. To potentiate the effects of Such radia 
tion treatments, the liquid medium in the fluid-filled pulmo 
nary air spaces may be oxygenated. In treatments where the 
preSelected pulmonary air passages are initially filled with 
Substantially degassed perfluorocarbon liquid, exogenously 
heated oxygenated perfluorocarbon liquid may be circulated 
into the liquid-filled pulmonary air passages after the filling 
proceSS is complete, prior to and/or during irradiation of the 
malignant cells with the ionizing radiation. 
0069. The circulating liquid medium may also contain a 
therapeutic agent Such as an anti-cancer drug (e.g., adria 
mycin), toxin, antibody-linked radionuclide, etc. In treat 
ments where the adjunctive use of Such water-Soluble thera 
peutic agents is desirable, the liquid medium may be an 
aqueous perfluorocarbon liquid emulsion. 
0070. After the hyperthermic treatment period, which as 
mentioned will vary in a patient-specific manner, depending 
partly upon the tumor location and any adjunctive therapies 
employed, the liquid medium is removed from the pulmo 
nary air passages of the patient. 
0.071) A preferred liquid medium for this convection 
hyperthermia treatment is a perfluorocarbon liquid of the 
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general type used for lung ventilation. Suitable perfluoro 
carbon liquids having the requisite thermal as well as 
physical properties for use in convection pulmonary hyper 
thermia include perfluorocarbon liquids characterized by an 
average molecular weight, of the perfluorocarbon constitu 
ent(s), in the range of from about 350 to about 560. Such 
perfluorocarbon liquids are alternatively characterized by 
having a viscosity less than about 5 CP at 25 C., a density 
less than about 2.0 g/cm at 25°C., a boiling point greater 
than about 55 C., a vapor pressure greater than about 20 
Torr but less than about 200 Torr at 25 C., a surface tension 
less than about 17 dyne/cm at 25 C., and a Prandtl number 
less than about 10 at 25 C. To provide some adjunctive 
respiratory Support, and for use with radiation therapy, and 
to provide efficient lung filling in the degassed State, the 
perfluorocarbon liquid should also have an oxygen Solubility 
greater than about 40 ml/100 ml. Representative perfluoro 
carbon liquids that meet the above criteria include FC-84, 
FC-72, RM-82, FC-75 (3M Company, Minneapolis, Minn.), 
RM-101 (MDI Corporation, Bridgeport, Conn.), dimethy 
ladamantane (Sun Tech, Inc.), trimethylbicyclononane (Sun 
Tech, Inc.), and perfluorodecalin (Green Cross Corp., 
Japan). The preferred group of perfluorocarbon liquids, in 
terms of optimizing the operative combination of physical 
and thermal properties, are characterized by an average 
molecular weight in the range of from about 400 to about 
460. Such perfluorocarbon liquids are characterized by hav 
ing a vapor pressure less than about 100 Torr. The most 
preferred perfluorocarbon liquids have an average molecular 
weight in the range from about 420 to about 460, and 
representative of this group are FC-75, RM-101, and per 
fluorodecalin. 

0072 The invention also provides an ultrasonic hyper 
thermic treatment of lung cancer. In this embodiment, after 
the preselected pulmonary air passages adjoining the 
patient's malignant cells are filled with the liquid medium 
Such that an adequate and appropriate acoustic transmission 
path has been established, the pulmonary tissues containing 
the malignant cells are heated to a temperature in the range 
of from about 41 to about 50 C. by transmitting ultrasound 
through the liquid-filled pulmonary air passages. In a pre 
ferred embodiment, the ultrasound is produced by an intra 
cavitary transducer that is positioned within the liquid-filled 
pulmonary air passages. Alternatively, the transducer may be 
located exogenous to the pulmonary air passages. For 
example, the ultrasound can be transmitted through an 
intercostal Space between the ribs of the patient, or the 
transducer can be applied to the pulmonary pleura or lung 
Surface overlying the fluid-filled passages, following Surgi 
cal displacement of ribs or other interfering tissues. 
0073. In order to serve as a suitable acoustical propagat 
ing medium in this ultraSonic hyperthermic treatment, the 
perfluorocarbon liquid should have the following physical, 
thermal, and acoustical properties: Viscosity less than about 
5 CP at 25° C., density less than about 2.0 g/cm at 25°C., 
boiling point greater than about 75 C., vapor pressure 
greater than about 25 Torr and less than about 100 Torr, 
acoustic impedance between about 0.8 to about 1.6 Mega 
Rayls at 37 C., and acoustic attenuation less than about 1.2 
dB/cm (+20%) at 1.0 MHz, 45 C., and acoustic intensity of 
about 3 W/cm. The perfluorocarbon liquid is preferably 
also characterized by an oxygen Solubility greater than about 
40 ml/100 ml. Perfluorocarbon liquids having an average 
molecular weight in the range of from about 400 to about 
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500 generally satisfy the above criteria, with the preferred 
group in terms of optimizing the thermal and acoustical 
properties having an average molecular weight in the range 
of from about 400 to about 460, and most preferably in the 
range of about 420 to about 460. Representative of this most 
preferred group of perfluorocarbon liquids are FC-75, 
RM-101, and perfluorodecalin. 

0.074. In treatments where the preselected liquid-filled 
pulmonary air Spaces are localized in the bronchial tree, the 
ultrasound from an intracavitary transducer preferably has a 
frequency in the range of from about 250 KHZ to about 3 
MHz, and most preferably from about 500 KHZ to about 2 
MHz. For peripheral lung treatments (i.e., in the membra 
nous airways and alveoli of the lung), where the Sound 
waves must necessarily traverse many more liquid-tissue 
interfaces, a lower ultrasound frequency in the range of from 
about 250 KHZ to about 1.5 MHz is necessary when 
perfluorocarbon liquids Serve as the liquid medium. Ultra 
Sound frequencies in the latter range are also recommended 
when the transducer is positioned exogenous to the lung. 

0075. The desired frequency within these ranges is estab 
lished on the basis of the depth of heating Sought. Lower 
frequencies are attenuated less and, therefore, are employed 
where deeper heating is preferred. Conversely, higher fre 
quencies are more readily absorbed, and thus are more 
appropriate for more Superficial heating. Optimal treatments 
may include a combination of the following Strategies. First, 
a Single transducer may broadcast at more than one fre 
quency to effect a desired heating pattern. The changes in 
frequency in this case may be done by rapid incremental 
changes in frequency over a specified bandwidth using 
frequency modulation (FM) methods, or they may be done 
with serial changes over time whereby sound (in FM mode 
or not) is generated in predetermined frequency ranges for 
desired periods and then changed to other frequencies for 
periods of time. Second, multiple transducers (focused, 
diverging, or unfocused) may be employed to operate in 
tandem at similar or different frequencies (in FM mode or 
not) to effect desired heating patterns. 
0.076 Where physiological saline serves as the liquid 
propagating medium, the ultrasound can be in the frequency 
range of from about 250 KHZ to about 3 MHz from 
intracavitary transducers, and in the range of from about 500 
KHz (preferably about 750 KHZ) to about 3 MHz from 
exogenous transducers. 
0077. While the perfluorocarbon liquid is preferably 
degassed during the filling Step, oxygenation of the liquid 
may be desirable (e.g., for radiation treatment or respiratory 
Support) during the ultrasonic hyperthermic treatment. How 
ever, in order to SuppreSS cavitation, the dissolved gas 
content (including oxygen, air, nitrogen, carbon dioxide or 
other gases) of the perfluorocarbon liquid in the liquid-filled 
pulmonary air passages should be held at no more than about 
75% of Saturation for ultrasonic treatments in the 2-3 MHz 
range. No more than about 50% of Saturation should be 
permitted for ultrasonic treatments in the 250 KHZ to 1.5 
MHZ range. The requisite dissolved gas content can be 
maintained by circulating the perfluorocarbon liquid into 
and out of the lung during the treatment between the 
liquid-filled pulmonary air passages and an extraneous 
Source of gas-content processing, Such as a degassing cham 
ber. 
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0078. The invention also provides liquid infusion cath 
eters, intracavitary ultrasound applicators, and exogenous 
ultrasound transducers, representative embodiments of 
which are shown in FIGS. 1-5. Prior bifurcated bronchial 
catheters that have been used for delivering liquid into a lung 
are not Suitable for use in the Subject convection and 
ultraSonic hyperthermia treatments, for a number of reasons. 
First, the Subject treatments can be applied deeper in the 
lung than heretofore possible, and prior commercial devices 
lack sufficient flexibility and length to reach many of the 
Segmented bronchi. In addition, the inflatable cuff material 
used in the prior devices tends to lose its structural integrity 
at the relatively high fluid temperatures involved in the 
Subject treatments. Furthermore, the prior devices are in 
general too large in diameter to penetrate Several of the 
pertinent Segmental bronchial passageways in the lungs, and 
they also provide no instrumentation for monitoring local 
transient and steady State temperature, and preSSure, and are 
ill-Suited for positional information. 
0079 Referring initially to FIG. 1, a representative 
embodiment of the Subject liquid infusion and isolation 
catheter 20 is shown in conjunction with the pulmonary air 
passages 22 that lead to and ramify throughout the lungs 24. 
More particularly, catheter 20 is shown passing through the 
larynx 26 and trachea 28 and into a bronchus 30 and 
asSociated Segmental bronchi 32. 

0080 Catheter 20 includes a flexible conduit 34 having a 
distal end 36 that is positioned, in this instance, within 
segmented bronchus 32, and a proximal end 38 that is 
positioned outside (or exogenous to) the patient. The rep 
resentative embodiment shown in FIG. 1 has a pair of 
inflatable cuffs 40 and 42 formed near the distal end 36 that 
are in fluid (liquid or gaseous) communication with corre 
sponding channels 44 and 46 that exit the conduit 34 near the 
proximal end 38. Also shown at the proximal end 38, a liquid 
inlet/outlet connector 48 is in fluid communication through 
a liquid passageway 51 with an opening 50 at the distal end 
36 of conduit 34. A gas ventilation channel 52 also is formed 
in the conduit 34 to be in fluid communication with a 
ventilation port 53 positioned so as to ventilate the bronchial 
tree. A preSSure Sensor 54 and temperature Sensor 56 are 
positioned near the distal end 36, and have lead wires 58 and 
60, respectively, passing through the conduit 34 and exiting 
at the proximal end 38. The temperature sensor 56 may take 
the form of a thermistor, thermocouple, resistance-based 
temperature device, etc. Suitable pressure Sensors 54 
include: Solid-state piezoresistive diaphragm-based Sensors, 
Semiconductor Strain gage Sensors, etc. 

0081. The conduit 34 is typically formed from flexible 
plastics, Such as a Teflon", Silicon rubber, polyurethanes, 
polyvinylchloride, DelrinTM, or acetyl copolymers, or com 
binations thereof, having an outer thermal insulation layer 
64 formed, for example, of a closed-cell plastic or rubber, to 
reduce heat loSS to the tissues in contact with it, between the 
connector 48 and outlet 50 or at least the most proximal cuff 
42. Alternatively, effective thermal insulation can be 
achieved by proper Selection of the catheter material itself 
and its channel wall thicknesses. To minimize diameter and 
maximize flexibility, the conduit 34 is typically extruded to 
have the gas ventilation channel 52, the fluid channels 44 
and 46, and the liquid passageway 51 integrally formed 
therein. The above elements may alternatively be separately 
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formed and bound in a common sheath (not shown), 
although this may disadvantageously affect the diameter and 
flexibility of the conduit 20. 

0082) The cuffs 40 and 42 are preferably constructed of 
polyurethane or other distensible material that will maintain 
Structural integrity when Stretched and yet not lose elasticity 
when subjected to high temperature liquids. The cuffs 40 and 
42 are concentrically formed about the conduit 34 to be 
Selectively inflated and deflated via liquids Such as physi 
ological Saline or perfluorocarbon liquids, or gas Such as air, 
through the channels 44 and 46. A suitable connector 62, 
Such as a Leur lock fitting, is located at the terminal end of 
each channel 44 and 46 to provide attachment to a Source of 
liquid or gas Such as a lockable Syringe or a hand or 
mechanical pump. In the circumstance whereby liquid is the 
preferred cuff inflation fluid, it is likely that some liquid will 
have been placed in the cuff prior to use, to insure a gas-free 
volume inside the cuff. When inflated, the cuffs 40 and 42 
bear against the encircling inner walls of the trachea 28, 
bronchus 30, and/or lobar or segmented bronchus 32 
(depending upon the positioned location of catheter 20 in the 
pulmonary air passages 22), in order to locally Seal the 
lumen (3) of the airway(s) to prevent the passage of liquid 
and gas during the hyperthermic treatment. Although a pair 
of cuffs 40 and 42 are shown, one or both may be eliminated, 
e.g., if both lungs are to be filled with the fluid. Additional 
cuffs may also be used to provide the requisite Sealing. The 
number of cuffs used will depend on where the hyperthermic 
treatment is being directed in the lung, the passageways to 
be isolated and those to be kept gas ventilated, and the length 
of the catheter 20. In this regard, the cuffs 40 and 42, when 
required, are sized according to their application, i.e., 
whether they will be positioned in a large lobar bronchus 
(0.83 cm average diameter) or in a smaller Segmental 
bronchus (0.56 cm average diameter). Cuffs sized to dam the 
main bronchi (1.22 cm average diameter) and trachea (1.8 
cm average diameter) can also be readily fabricated. The use 
of two cuffs 40 and 42 in FIG. 1 is for illustration purposes 
only and is not meant to imply that the untreated distal 
pulmonary Segments 32 are to be unventilated by gas. In use, 
the catheter configuration(s) will be selected to reflect the 
requirement to gas ventilate untreated, air-filled portions of 
the lung. 

0.083. The gas ventilation channel 52 is used to provide 
respiratory gas exchange to the portions of the lungs 24 not 
sealed off by the cuffs 40 and 42 or filled with the liquid. The 
channel 52 is preferably coupled to an appropriate machine, 
Such as a mechanical ventilator, to Supply gas through the 
port 53 formed in the wall of the conduit 34. In the absence 
of Such a connection air ventilation may occur by the gas 
being drawn into channel 52 from room air by the natural 
respiratory motion of the lung. 

0084. The liquid connector 48 is attached to a liquid 
infusion System, Such as described below. Briefly, Such a 
System provides liquid for the desired treatment at a con 
trolled but variable tidal Volume and frequency, and at a 
controlled temperature and gas content. The preSSure Sensor 
54 and the temperature sensor 56 positioned at the delivery 
end 36 permit monitoring of the temperature and pressure of 
the liquid within the liquid filled air passages. Additional 
Sensors may be positioned at any point along the conduit 34 
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to permit comparative measurements and to permit flow rate 
information in the catheter to be obtained from dynamic 
measurementS. 

0085. In use, the catheter 20 may be fitted with a rod (not 
shown) formed of bendable material, Such as aluminum, that 
is bent, prior to insertion in most cases, to a configuration 
designed to guide the catheter 20 through the trachea 28 to 
the desired location in the pulmonary air passageways 20. A 
fiber-optic assembly may be used either alone or in con 
junction with the rod to provide visual confirmation of the 
positioning of the catheter 10. Such a fiber-optic assembly, 
including an optical fiber having a lens, may be integrated 
into or associated with the catheter 20, and coupled to a light 
Source and an eyepiece to permit observation via Video 
camera, Still photographs, or the eye. A fiber-optic broncho 
Scope may be alternatively inserted through liquid passage 
way 51 for the Same purpose. To assist in measuring 
distances to various parts of the lung, the outer Surface of 
catheter 20 may be provided with distance indicator marks 
in Spaced array. 

0086 Once the catheter 20 is in position, the various 
connectors at the proximal end are connected to the appro 
priate machines and monitoring devices. For instance, the 
liquid inlet/outlet connector 48 is attached to a liquid infu 
Sion System, and the fluid line connectorS 62 are attached to 
suitable sources of liquid or gas. The cuffs 40 and 42 are 
inflated as necessary to Seal off the pulmonary air passages 
adjoining the cancer cells while maintaining gas communi 
cation to untreated lung Volume. The gas ventilation channel 
52 is hooked to a mechanical ventilator and a Suitable gas 
mixture is supplied through the port 53 to the unaffected air 
passageways. With temperature and pressure being moni 
tored, liquid from the infusion System is Supplied through 
the liquid passageway 51 to the, in this instance, bronchiole 
32 at a controlled frequency and tidal volume (indicated by 
arrow 51). Following the hyperthermic treatment, the liquid 
can be removed from the pulmonary passages 20 by Suction, 
by gravity (i.e., placing the patient tilted with the head down 
in the so-called “Trendelenburg’ posture), and by evapora 
tion. 

0087. The liquid infusion and isolation catheter 20 may 
also be used in conjunction with external intercostal ultra 
Sound applicators to provide the means for liquid filling and 
to provide additional heating and/or cooling to the tumor 
Site. For instance, as shown in FIG. 2, a pair of intercostal 
applicatorS 66 and 68 are placed externally on the patient to 
direct sound waves between the ribs 70 and into the periph 
eral portions and bronchial Spaces of the lung 24. These 
ultrasound power applicatorS 66 and 68 are composed of 
long aspect-ratio rectangular transducers 74, operated either 
Singly or as a Synchronous or asynchronous pairs. These 
applicators 66 and 68 can have flat (plane wave), broad-band 
unfocused transducers 74 or may have curved, focused 
transducers. Ideally these will be operated in the range from 
250 KHZ to 1 MHZ. 

0088 Such applicators 66 and 68 can be used in con 
junction with a liquid infusion and isolation catheter 20 to 
apply heat both convectively and ultraSonically to a specific 
portion of the lung 24. Although it would appear that a 
Venetian blind or Striped pattern of heating would result 
from this arrangement, it should be noted that the targeted 
tissue can be “scanned” up and down in front of the 
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transducer array by a cyclic variation of the inflation pres 
Sure of the lung 24. This induced variation may be large or 
Small, according to the motion desired. Likewise, the overall 
position of the tumor to be treated may be located with 
respect to the applicators 66 and 68 by virtue of inflation or 
deflation of the lung 24. Also, the respiratory motion nor 
mally present in the lung 24 may be Suppressed by imposing 
a constant liquid infusion pressure at the desired level. 
Although not shown, it is to be understood that the appli 
cators 66 and 68 may be in fixed position relative to each 
other, Such as by mounting to a jig or frame. 
0089 Although not shown in this view, a transducer can 
alternatively be applied directly to the body of the lung 
following Surgical resection of a rib or other interfering 
tissues. The transducer for this application will typically be 
Supplied with a bolus of degassed coupling liquid, also 
Serving the function of cooling the transducer and tissue 
Surfaces. 

0090 Another method of providing ultrasound hyper 
thermia is to place an ultrasound applicator within the 
fluid-filled pulmonary air passage near the tumor to be 
treated. FIG. 3 shows a representative embodiment of Such 
an intracavitary applicator 76 for delivering an ultrasound 
transducer 78 to the treatment site. To facilitate the descrip 
tion, the reference numbers used in FIG. 1 are correspond 
ingly employed in FIG. 3 (and in FIG. 4, described below). 
The intracavitary applicator 76 of FIG. 3 includes a conduit 
80 having a distal end 82 positionable within the pulmonary 
air passages 22 and a proximal end 84 that remains outside 
the thoracic air passage 22. The conduit 80 encases a 
ventilation passageway 86 passing through the transducer 78 
in fluid communication with the pulmonary air passages 22 
through a distal opening 88. The passageway 86 terminates 
at the proximal end 84 of the conduit 80 with a coupling 90 
for attachment to a respirator (not shown). The conduit 80 
also houses a liquid inlet port 92, typically positioned distal 
to the transducer 78, and a liquid return port 94 positioned, 
in this instance, proximal to the transducer 78. The liquid 
inlet port 92 is in fluid communication with a liquid inlet 
coupler 96, and a liquid return port 94 is in fluid commu 
nication with a liquid return coupler 98, both couplers 96 
and 98 being located at the proximal end 84 of the conduit 
80. Formed concentrically about the ventilation passageway 
86 and positioned distal to the transducer 78 and liquid ports 
92 and 94 is an inflatable cuff 100. A fluid line coupling 102 
is in fluid communication with the cuff 100, for connecting 
the cuff 100 to a suitable source of pressurized liquid or gas 
(e.g., air). Power cables 104 pass through the conduit 80 to 
provide high frequency electrical power to the transducer 78. 

0.091 This conduit 80 is constructed with similar mate 
rials and by Similar methods as the liquid infusion catheter 
20 described above. Here, in FIG. 3, the transducer assem 
bly 78 is positioned concentrically around the ventilation 
passageway 86. In this manner, the distal cuff 100, when 
inflated, Serves to dam the proximal pulmonary passages 30'. 
The distal cuff 100 also anchors the distal end 82 of the 
conduit 80, and thereby permits the transducer 78 to be 
manipulated into position in the center of the bronchus 30 
(or trachea 28) to avoid contact with the bronchus wall 106 
and the tumor 108. The cuff 100 is otherwise substantially 
the same as the cuffs 40 and 42 described above with respect 
to FIG. 1. When the cuff 100 is inflated, it seals off the 
bronchus 30 So that a degassed liquid propagating medium 
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110 can be supplied to and fill the bronchus 30 through the 
liquid inlet port 92, to provide acoustic coupling and Sec 
ondarily to cool the transducer assembly 78. Circulation of 
the liquid 110 may be accomplished by circulating liquid 
from the bronchus 30 through the liquid return port 94 to a 
liquid Supply System, Such as described below. 

0092. In order to prevent filling of the other lung, if that 
is desirable, an optional cuff plug 112, which is independent 
of the intracavitary transducer and its Support Shaft and 
conduit 80, is inserted within the other bronchus 30', and its 
degree of distension is controlled with preSSurized liquid or 
gas Supplied through a line 114. Respiration is accomplished 
through the one lung by Supplying air through the ventilation 
passageway 86. Although not shown, it is to be understood 
that the cuff assembly 112 and 114 may, and preferably 
should, be Supplied with a separate ventilation passageway 
(not shown) in order to ventilate the pulmonary air passage 
32 distal to cuff plug 112. Pressure and temperature sensors 
(not shown) may also be disposed and used as desired, Such 
as described above with respect to FIG.1. Installation of the 
intracavitary applicator 76 can be accomplished Substan 
tially the same way as described above with respect to the 
liquid infusion and isolation catheter 20. Positioning of the 
transducer 78 with respect to the tumor 108 is accomplished 
by rotating the conduit 80 as shown by the rotational arrow 
116. 

0093. The construction of such a representative intrac 
avitary transducer assembly 78 is shown in greater detail in 
FIG. 4. Here, one approach to providing selective direc 
tional heating patterns is illustrated. FIG. 4 shows a thin 
walled piezoelectric ceramic cylinder 180 that is longitudi 
nally and circumferentially Sectioned into four Separate 
power transducers, with transducers 120 and 122 formed to 
have an arcuate croSS-Sectional shape of approximately 
120, as indicated by angle 0; and with transducers 124 and 
126 formed to have an arcuate cross-sectional shape with an 
included angle of approximately 240, as represented by 
angle (p. Leads 128 Supply power to the transducers, and the 
ventilation passageway 86 is shown, in this instance, passing 
coaxially through the cylinder 180. This multiple-transducer 
approach provides flexible heating patterns. For instance, 
with transducers 120 and 122 driven in parallel, a 120 
pattern can be achieved. Similarly, with transducers 124 and 
126 driven in parallel, a 240 heating pattern can be 
achieved. Finally, with all of the transducers being driven 
together, a full 360 of heating can be achieved along the 
length of the cylinder 180. Of course, full 360 heating 
patterns may also be achieved by cylindrical piezoelectric 
cylinders that are not Sectioned. 

0094. Although the transducer assembly 78 is shown 
mounted coaxial with the conduit 80, it is to be understood 
that other positions and transducer configurations can be 
used. For instance, transducers formed of flat plates may be 
associated with or placed adjacent to the conduit 80 to 
radiate Sound waves in one or more directions. Likewise, the 
transducers 124 and 126 may be eliminated to leave only the 
transducers 120 and 122 mounted adjacent the conduit 80. 
0.095 FIG. 5 illustrates yet another representative 
embodiment of an intracavitary ultrasound applicator 130, in 
which a transducer assembly 132 positioned within a self 
contained liquid-filled Sac 134 for acoustic coupling and 
cooling. This applicator 130 includes a conduit 136 having 
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a distal end 142 positioned within the bronchus 30 and a 
proximal end 144 positioned outside of the patient’s body. A 
ventilation passageway 138 is formed within or associated 
with the conduit 130 having a ventilation port 140 formed 
approximately midway down the conduit 136 and an air line 
coupling 146 located at the proximal end 144 for attachment 
to a respirator (not shown). While not shown in this view, a 
ventilation passageway can also be provided to the distal end 
142 if desired. 

0096. The conduit 136 also houses one or more liquid 
passageways that Supply liquid from a liquid inlet coupling 
148 to the distensible sac 134, and circulate liquid back to 
a liquid outlet coupling 150. The couplings 148 and 150 may 
be connected to a Self-contained liquid Supply System or a 
larger System containing a separate power Supply circuitry 
and fluid flow module that circulates a degassed liquid at a 
controlled temperature for cooling the transducer assembly 
132 and providing an acoustic coupling between the trans 
ducer assembly 132 and the pulmonary tissues and tumor 
152. It is also possible to derive the coupling/cooling fluid 
from the liquid infusion System that Supplies liquids to the 
lung. The Sac 134 is constructed of a thin, pliable material, 
Such as polyurethane, that readily conforms to the shape of 
an abutting pulmonary tissue or tumor to facilitate heating of 
the tumor. A fiber-optic assembly is shown as part of the 
applicator 130 having one or more optical fibers (not shown) 
passing through the liquid Sac 134 and the transducer 132. 
The fiber-optic assembly includes a lens 156 positioned on 
the distal end 142 of the conduit 136, an optical coupler 158 
at the proximal end 144 to facilitate viewing through the lens 
156 as previously described, and a light Source that is 
supplied through cables 160 that also include power cables 
for the transducer assembly 132. A cuff 162 typically is 
formed on the conduit 80 distal to the transducer assembly 
132, to be inflated and deflated through a cuff fluid line 
coupling 164 that is connected to a Source of pressurized 
liquid or gas. This cuff 162 Serves primarily an anchoring 
function, to assist and maintain acoustical positioning of the 
transducer 132 and liquid-filled sac 134 at the tumor site 
152. 

0097. Both of the intracavitary applicators 76 and 130 
described above can be positioned in the bronchial tree by 
first locating the tumor target via a flexible bronchoScope 
that indexes the lengths of the passageways and the position 
of the tumor. The applicator is then guided down the airways 
with the aid of a bendable rod, as described above. Such a 
rod is first bent slightly and then fed down one of the inner 
passageways of the applicator. The bend of the rod is 
sufficient to bend the distal end of the applicator in the 
desired direction. Supplementing this Steering approach is a 
System of fiduciary marks taken from or correlated with the 
bronchoScope traversal that establishes the length required 
to descend down the airways. Finally, the fiber-optic assem 
bly 154 can be used alone or in conjunction with the rod to 
accurately position the transducer assembly adjacent to the 
tumor to be treated. 

0098. The intracavitary applicator 130 may also be con 
figured for hyperthermic treatment in other body cavities, 
e.g., the mouth, esophagus, uterus, or rectum, in which case 
a cuff may be provided for auxiliary anchoring purposes. 

0099 FIG. 6 illustrates in greater detail a representative 
transducer assembly 132 for use in conjunction with the 
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distensible acoustic-coupling sac 134. Here, the conduit 136 
is shown in croSS Section having a liquid inlet passageway 
166 centrally positioned within a concentric liquid return 
passageway 168. The liquid 170 passes through a manifold 
172 into the lumen of the Sac 134 to distend the Sac 134 and 
circulate around the transducers 174. The liquid 170 then 
passes through the manifold 172 and into the return pas 
sageway 168. The circulation of the liquid 170, which is 
normally degassed water, aids in cooling the transducers 174 
and provides an acoustic coupling for the ultrasound waves 
176. Although not shown, it is to be understood that cuff 
fluid lines and the fiber-optic assembly lines can be con 
Structed to pass axially through the Sac 134 and the trans 
ducers 174 to distal positions along the conduit 136. 
0100 Another embodiment of the invention provides a 
means for delivering biological agents, through the pulmo 
nary air passages of a patient, for treating, controlling and/or 
diagnosing pulmonary and/or Systemic, diseases, conditions 
and/or abnormalities. In this embodiment of the invention, 
the biological agents are delivered into at least a portion of 
the pulmonary System via the implementation of liquid 
lavage/ventilation of at least a portion of the patient's 
pulmonary air passages. Specifically, in this embodiment of 
the invention, biological agents are delivered into at least a 
portion of the patient's pulmonary System via liquid-born 
agents which are either recirculated in and out of the 
preSelected portion of the pulmonary air passages in a liquid 
lavage fashion or maintained Static (non-recirculated) for 
extended periods of time. If breathable liquids are used, 
pulmonary delivery of biological agents can be performed 
with Simultaneous pulmonary ventilation. 
0101 AS used herein, the phrase “biological agents' 
refers not only to physiologically-active agents (e.g., che 
motherapeutic agents), but also to physiologically-inert 
agents (e.g., diagnostic agents). 
0102) As used herein, the phrases “liquid lavage”“liquid 
ventilation”, and/or “liquid lavage/ventilation individually 
and collectively refer to gravity-assists and/or mechanically 
assisted passing of liquid medium through at least a portion 
of a patient's pulmonary air passages. The liquid mediums 
being passed therethrough need not, necessarily be “breath 
able” (e.g., in those instances when a liquid lavage process 
is employed Solely for Washing/rinsing a portion of the 
lungs). However, when employed in liquid ventilation, it is 
preferable that the liquids have the ability of gas exchange. 

0103) This embodiment of the invention, pertaining to the 
pulmonary administration of biological agents, provides 
method for treating, controlling and/or diagnosing patient's 
pulmonary-related diseases, conditions and/or abnormali 
ties. This new method is especially useful when treating, 
controlling and/or diagnosing conditions wherein blood is 
preferentially shunted away from diseased pulmonary 
regions and, thereby, Systemically delivered agent are at 
least partially precluded from reaching these regions. This 
embodiment is also useful as a means for introducing agents 
Such as Surfactants, Steroids, antibiotic agents, chemothera 
peutic agents, chemotactic agents diagnostic agents, and the 
like, primarily, if not exclusively, into the pulmonary Sys 
tem, when Systemic absorption of Such agents is undesirable. 
0104. The implementation of liquid lavage/ventilation 
techniques, as a vehicle for delivering biological agent to at 
least a portion of a patient's pulmonary System, is of 
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particular importance for many reasons. Examples of Some 
of the advantages associated with the pulmonary adminis 
tration of biological agents includes, but are not limited to, 
the following: (a) it results in the homogenous delivery of 
the agents throughout the pulmonary System for treating, 
controlling and/or diagnosing diffuse diseases, conditions 
and/or abnormalities, while Simultaneously Supporting gas 
exchange, if desired; and/or (2) it can be employed to 
Selectively deliver biological agents to desired areas of the 
pulmonary System for treating controlling and/or diagnosing 
local diseases, conditions and/or abnormalities. In each of 
the aforementioned instances, the process of the Selective 
pulmonary administration of biological agents minimizes 
normal, healthy, delicate pulmonary tissues from being 
exposed to toxic agents, Such as is often encountered during 
conventional Systemic chemotherapeutic and/or diagnostic 
techniques. 
0105. When practicing the embodiment pertaining to the 
pulmonary administration of biological agents, the biologi 
cally active agents, passing through at least a portion of the 
patient's pulmonary air passages, can react with and/or 
diagnose, the patient's biological System in a number of 
ways. For example, the biological agents introduced in 
accordance with the invention, by pulmonary administra 
tion, may be used in the following ways: (a) to react directly 
on and/or diagnose the patient's pulmonary System (b) to 
react on and/or diagnose both the patient's pulmonary and 
Systemic System, and/or (c) to differentially react on and/or 
diagnose Specified regions of the patient's pulmonary Sys 
tem. 

0106 Through research, it was discovered that there are 
many advantages of delivering biological agents directly to 
the Surface of the pulmonary air passages (e.g. lungs) via 
liquid lavage/ventilation. Some of the more important 
advantages include, but are not limited to, the following: 

0107 1. The delivery of the desired biological 
agents directly through a patient's pulmonary air 

0108 passages is enhanced by Several physiological prin 
ciples, such as, for example, (a) the large exchange Surface 
area of the lung (i.e., from about 50 to about 100 m), (b) the 
entire cardiac output passes through the pulmonary capillary 
bed, (c) the thin barrier (i.e., alveolar wall thickness) and the 
Short diffusion distances enhances absorption of the agent, 
and (d) the uniform distribution of low surface tension 
liquids throughout the pulmonary System. 

0109 2. In many cases, the action of the biological 
agents (e.g., Surfactants to lower pulmonary Surface 
tension, bronchodilators to relax airway Smooth 
muscle, pulmonary vasodilators to increase pulmo 
nary blood flow, Steroids for lung inflammation, 
chemotactic agents, chemotherapeutic agents and/or 
diagnostic agents for lung cancer, and the like) are 
exclusively directed to a portion of the patient's 
pulmonary air passages (e.g., lungs) and would be 
undesirable in the rest of the body. 

0.110) 3. In diseased and/or abnormal lungs, a com 
mon problem is poor distribution of pulmonary 
blood flow and ventilation. This problem is obviated 
in the liquid-filled lung, in that liquid and blood flow 
are uniformly distributed and matched. This physi 
ological principle enables efficient eXchange of bio 
logical agents into a lung where exchange would 
otherwise be impossible. 
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0111. 4. Liquids can be selectively directed to spe 
cific regions of the patient's pulmonary air passages 
by a number of different conventional means, Such as 
a bronchoScope, a conventional catheter or even a 
Specialized catheter, Similar to that employed in the 
hyperthermia treatment mentioned earlier. This capa 
bility of Selectively directing liquids comprising bio 
logical agents would be particularly useful when 
only a specific region of the patient's pulmonary 
System requires delivery of Such agents (e.g., che 
motherapeutic cancer drugs which may be harmful to 
normal, healthy lung and body tissue in high con 
centrations and agents which facilitate pulmonary 
debridement). 

0112 5. In the case of systemic vascular compro 
mise or shock, intravascular administration of agents 
is ineffective under conventional practices. However, 
the passage of the necessary biological agents 
through at least a portion of the patient's pulmonary 
air passages by liquid lavage/ventilation techniques 
provides a direct route for agent administration. 

0113. When practicing the embodiment of the invention 
pertaining to the pulmonary administration of biological 
agents, the Selected liquid is augmented with the Selected 
biological agents. These agents can be present in the liquid 
medium in any Suitable form (e.g., bulk form, a Suspension, 
a dispersion, a liquid form, an emulsion form, encapsulized 
and the like and/or combinations thereof). The particular 
form of the biological agent, will depend upon many dif 
ferent variables (e.g., the specific agent being used, the area 
being treated and/or diagnosed, the condition and/or abnor 
mality being treated, controlled and/or diagnosed, the 
parameters under which the liquid lavage/ventilation pro 
cess is performed, etc.). 
0114 Moreover, the selected biological agents can be 
incorporated into the liquid medium by any Suitable tech 
nique. Examples of Suitable incorporation techniques 
include, but are not limited to, injection, blending, dissolv 
ing, employing conventional incorporation procedures and 
incorporation of specific incorporation procedures (see. e.g., 
FIG. 38). 
0115) Any suitable biological agent can be employed 
when practicing this embodiment of the invention. 
Examples of Suitable biological agents include, but are not 
limited to, anti-cancer agents, vasoconstrictors, vasodilators, 
bronchoconstrictors, bronchodilators, Surfactants, Steroids, 
antibiotic agents, chemotactic agents, toxins, antibody 
linked radionuclides, diagnostic agents, contrast agents, and 
the like, and/or combinations thereof. 
0116. When employing vasoconstrictors, vasodilators, 
bronchoconstrictors and/or bronchodilators (e.g., epineph 
rine, acetylcholine, priscoline and Sodium nitroprusside), 
they can be used in any Suitable amount necessary to achieve 
the desired results, in View of the Specific conditions, 
diseases and/or abnormalities present. For example, the 
amount of these biological agents can range from between 
about 0.001 to about 10.0 mg for each kilogram of body 
weight of the patient whose physiological conditions, dis 
eases and/or abnormalities are being controlled, diagnosed 
and/or treated in accordance with this embodiment of the 
invention. In another instance, it may be desirable to have 
the amount of these biological agents range from between 
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about 0.004 to about 7.0 mg/kg, or from between about 
0.007 to about 4.0 mg/kg, or from between about 0.01 to 
about 1.0 mg/kg. 
0117 AS indicated above, the amount of biological agent 
employed depends, in part, on the Specific Set of circum 
stances revolving around each individual case. 
0118. In addition to the above, this embodiment is par 
ticularly useful for delivering anti-cancer drugs (e.g., adria 
mycin), toxins, antibody-linked radionuclides, and the like 
and/or combinations thereof, to at least a portion of the 
patient's pulmonary System by being passed through the 
patient's pulmonary air passages. 
0119) Any suitable liquid can be used as the liquid carrier 
when practicing the embodiment pertaining to the pulmo 
nary administration of biological agents. AS Stated earlier, 
depending upon the Specific circumstances, the liquid carrier 
need not be breathable. In most instances, however, the 
liquid carriers employed are breathable. 
0120 Particularly useful breathable liquids which can be 
used as the liquid carrier include, but are not limited to, 
perfluorochemicals, Saline, Silicone and vegetable oils, and 
the like. Of the aforementioned liquids perfluorochemicals 
(e.g., perfluorocarbon) liquids are presently preferred. 
0121. Some of the reasons for preferring perfluorochemi 
cals include, but are not limited to, (a) they have a high 
Solubility for respiratory gases, thereby being able to main 
tain ventilation during therapeutic and/or diagnostic proce 
dures; (b) they have a low Surface tension which facilitates 
the uniform distribution of the liquids and the biological 
agents throughout the pulmonary System; and/or (c) they are 
generally biologically inert, thus preventing possible Side 
effects due to the liquid carrier and the biological agent 
interacting. It should be noted, however, that other liquids 
can be preferred over perfluorochemicals, depending upon 
the Specific circumstances and the desired results. 
0122) There are a number of clinical conditions when 
liquid lavage (washing) of the pulmonary System is neces 
Sary to debride the alveolar Surfaces of unwanted Secretions, 
particles, toxins, etc. (e.g., alveolar proteinosis, cystic fibro 
sis, aspiration Syndromes, and the like). Conventional lavage 
procedures generally employ the use of isotonic Saline as the 
Washing media Since it is relatively non-damaging to the 
alveolar Surface. However, because Saline does not carry a 
Substantial amount of oxygen to Support respiration, only 
one lung can be washed at a time. The other lung is 
maintained with 100% oxygen. This imbalance usually 
results in hypoxia during and after conventional the lavage 
procedures. 

0123. In several research reports, it has been documented 
that it is possible to wash both lungs, Simultaneously, if a 
breathable liquid (e.g., perfluorocarbon) is employed as the 
Washing media. In View of the embodiment of the present 
invention pertaining to the pulmonary administration of 
biological agents, an extension of the concept which 
employs breathable liquids as the Washing media, in a liquid 
lavage procedure, is to augment the breathable liquid with an 
effective Solvent appropriate for the particular injury to the 
patient's pulmonary air passages. For example in the case of 
Adult Respiratory Distress Syndrome (also referred to 
herein as “ARDS”), the breathable liquid may contain a 
Suspension of antiproteases to more effectively perform the 
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following functions: (a) inhibit protein leakage, (b) wash out 
alveolar debris and (c) maintain gas exchange. Furthermore, 
in the case of aspiration Syndromes, the breathable liquid 
may contain an agent to neutralize or buffer the action of the 
aspirant on the lung Surface. For example, if the aspirant is 
of an acidic nature (e.g., gastric contents), the breathable 
liquid may be buffered with bicarbonate to balance the pH 
and minimize lung epithelial damage. 
0.124. When practicing the embodiment of the invention, 
wherein the biological agents are introduced via a liquid 
lavage procedure, the liquid carrier (augmented with the 
desired biological agents, whether in bulk, Suspension, dis 
persion, emulsion and/or encapsulization form) can be 
placed in an inspiratory reservoir (R). This inspiratory 
reservoir is generally Suspended above the patient and is in 
open communication with at least a portion of the patient's 
pulmonary air passages. For example, two ends of a Y-piece 
can be used to interconnect the R with the patient's endot 
racheal tube. 

0.125 Gas ventilation is generally interrupted when 
instilling the liquid functional residual capacity from the R. 
This residual capacity may contain at least a portion of the 
desired biological agents. Gas and/or liquid ventilation is 
then resumed and/or initiated depending upon whether the 
process is (a) a total or partial ventilation, (b) a total or 
partial lavage with breathable liquid, or (c) a total or partial 
lavage with a non-breathable liquid. 
0126. After the resumption and/or initiation of gas and/or 
liquid ventilation, tidal volumes of a liquid washing medium 
are passed through the patient's pulmonary air passages. 
These tidal Volumes of liquid medium may contain at least 
a portion of the desired biological agents. 
0127. In liquid lavage techniques, the tidal volumes of 
liquid can be passed through the desired portion of the 
patient's pulmonary air passages via gravity assistance, 
mechanical assistance or a combination of both. Similarly 
during liquid lavage techniques, the liquids can be removed 
from pulmonary air passages via gravity and/or mechanical 
assistance. If a Y-piece is employed as described above, the 
expired liquids can pass through its remaining port and be 
deposited into an expiratory reservoir. 
0128. Although the residual capacity of liquid remains in 
the pulmonary air passages throughout the entire lavage/ 
ventilation procedure, each tidal Volume of liquid is held 
within the patient's lungs for a period of time necessary to 
achieve the desired results, while maintaining the necessary 
eXchange of gases, if necessary. For example, the liquid can 
be retained in the patient's pulmonary System for a period of 
time ranging from between about 60 Seconds to about 1 
Second. In most instances, however, it will not be necessary 
to retain the tidal Volume liquid in the patient's pulmonary 
system for more than about 30 seconds. 
0129. Similarly, the frequency of the tidal volumes of 
liquid also depends upon the Specific results desired. 
0.130. On the other hand, when practicing the embodi 
ment of the invention, wherein biological agents are intro 
duced via a liquid ventilation procedure, the liquid ventila 
tion process can also be achieved using a gravity-assisted 
System and/or a mechanically-assisted System. In this pro 
cedure, breathable liquid is generally oxygenated to main 
tain the arterial oxygen tension (PO) constant; and carbon 
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dioxide (CO) is generally scrubbed from the system. There 
after, the p0 and pCO2 of the liquid are typically Sampled, 
analyzed and/or controlled during the ventilation process to 
ensure constant inspired gas tensions and drug delivery 
levels. It should be noted that the augmentation of the liquid 
carrier with the biological agents can be performed either 
before, during and/or after the liquid is oxygenated. 
0131 Once the patient is connected to the liquid venti 
lation System which is being used as the vehicle for the 
pulmonary delivery of biological agents, tidal volume (V) 
and functional residual capacity (FRC) is preferably moni 
tored and/or controlled. Generally, ventilation Schemes will 
be initially adjusted for effective carbon dioxide elimination 
and maintenance of physiological arterial CO2 tension 
(PCO). In addition to the above, breathing frequency (f), 
V and FRC are also generally monitored and/or adjusted to 
obtain physiological PO and PCO. 
0132) Regardless of whether a liquid lavage and/or ven 
tilation technique is employed as the vehicle for carrying 
biological agents to the patient's pulmonary System via the 
patient's pulmonary air passages, heart rate, arterial pres 
Sure, hemoglobin-oxygen Saturation, arterial blood gas ten 
Sions, and/or pulmonary function are generally evaluated 
before and during the process. 
0.133 When practicing the embodiment of the invention 
pertaining to the pulmonary administration of biological 
agents via liquid lavage/ventilation, the liquid medium can 
be heated or cooled to temperatures above or below the 
patient's normal body temperature depending, again, on the 
Specific conditions and/or desired results. For example, in 
addition to the liquid medium being at our about the 
patient's normal body temperature, it can also be greater or 
less than that temperature. 
0134) For example, the temperature of the liquid medium, 
either before and/or during the liquid lavage/ventilation 
process, can range from between about the normal body 
temperature of the patient whose physiological conditions, 
diseases and/or abnormalities are being diagnosed, con 
trolled and/or treated to about 20% above the patient's 
normal body temperature. Generally, if Such a hyperthermic 
treatment is desired, the temperature of the liquid medium 
can range from about the patient's normal body temperature 
to about 15% greater than the patient's normal body tem 
perature, or from about the patient's normal body tempera 
ture to a temperature about 10% greater than the patient's 
normal body temperature, or from about the patient's normal 
body temperature to a temperature about 5% greater than the 
patient's normal body temperature, or from about the 
patient's normal body temperature to a temperature about 
1% greater than the patient's normal body temperature. In 
each instance, the liquid medium's temperature will depend 
upon the Specific circumstances present and the results 
desired. 

0135 Moreover, the temperature of the liquid medium, 
either before and/or during the liquid lavage/ventilation 
process, can range from between about the normal body 
temperature of the patient whose physiological conditions, 
diseases and/or abnormalities are being diagnosed, con 
trolled and/or treated to about 20% below the patient's 
normal body temperature. Generally, if Such a hypothermic 
treatment is desired, the temperature of the liquid medium 
can range from about the patient's normal body temperature 
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to about 15% less than the patient's normal body tempera 
ture, or from about the patient's normal body temperature to 
a temperature about 10% less than the patient’s normal body 
temperature, or from about the patient's normal body tem 
perature to a temperature about 5% less than the patient's 
normal body temperature, or from about the patient's normal 
body temperature to a temperature about 1% less than the 
patient's normal body temperature. AS above, the tempera 
ture of the liquid medium will depend upon the Specific Set 
of circumstances present and the results desired. 
0.136. In addition to the above, it is also within the scope 
of this invention for the liquid medium's temperature, either 
before and/or during the liquid lavage/ventilation, to range 
from between about 10% below to about 10% above the 
normal body temperature of the patient whose physiological 
conditions, diseases and/or abnormalities are being diag 
nosed, controlled and/or treated. In other instances, how 
ever, it may be desirable to have the temperature of the 
liquid medium range from between about 5% below to about 
5% above the patient’s normal body temperature, or from 
between about 3% below to about 3% above the patients 
normal body temperature, or from between about 1% below 
to about 1% above the patient’s normal body temperature. 
0.137 When practicing the embodiment pertaining to the 
pulmonary delivery of biological agents, the particular tem 
perature range of the liquid medium, either before and/or 
during the liquid lavage/ventilation, will depend upon the 
desired results and Specific circumstances of each individual 
implementation. 

0.138. As stated earlier, the embodiment of the invention, 
pertaining to the pulmonary administration of biological 
agents, is especially useful for treating certain types of lung 
cancer. The phrase "lung cancer as used herein, generally 
refers to tumors arising in major airways and pulmonary 
parenchyma. 

0.139. Therapeutic treatment of lung cancer with chemo 
therapeutic agents (e.g., adriamycin, toxins, antibody-linked 
nuclides, etc.) may have devastating effects on Systemic 
tissueS when delivered at the high levels which are generally 
necessary for the treatment of many types of lung cancer. 
0140. On the other hand, the embodiment of the present 
invention, which employs liquid lavage/ventilation tech 
niques for the pulmonary administration of biological 
agents, provides a Successful means for delivering therapeu 
tically high levels of anti-cancer agents to the lung Surface 
(cancer Site) relative to the Systemic tissues, therefore mini 
mizing adverse side effects. 
0141 Another pulmonary abnormality, which can be 
chemo-therapeutically treated with the embodiment of the 
present invention pertaining to the pulmonary administra 
tion of biological agents, is respiratory distreSS Syndrome. 
Respiratory distress Syndrome is characterized in both neo 
nate and adults by their inability to effectively exchange 
oxygen and carbon dioxide as a result of lung immaturity 
(infants only), damage, or a combination of both. 
0.142 Because breathable liquids, such as perfluorocar 
bons, have low Surface tensions and high Solubilities for 
respiratory gases, when practicing the present invention, 
Such liquids can be used to homogeneously expand the lung 
with low preSSures, while Simultaneously Supporting gas 
eXchange and delivering biological agents to regions of the 



US 2002/011 1386 A1 

lung which are generally not accessible by Systemic circu 
lation. In comparison to existing conventional procedures 
for treating respiratory distreSS Syndrome, the approach 
employed when practicing the present invention signifi 
cantly reduces the risk of pulmonary damage. 
0143 Particular therapeutic agents which would be appli 
cable in the treatment of respiratory distreSS Syndrome 
(RDS) include, but are not limited to: exogenous Surfactants, 
antibiotics, Steroids, antioxidants, antiproteases, bicarbonate 
and the like. While all of these agents have proven clinical 
applicability for treatment of RDS, they have significant 
limitations associated with their conventional means of 
delivery. However, the pulmonary administration of these 
agents, in accordance with the practices of the present 
invention, (a) provides a means for overcoming most of the 
limitations encountered by conventional administration 
techniques and (b) effectively delivers the aforementioned 
agents to the injured/abnormal regions of the patient's 
pulmonary System. Moreover, due to the evaporative char 
acteristics of many breathable liquids, practicing the present 
invention in this manner provides a means for assured 
deposition of these agents onto the lung Surface, without 
residual interference due to the liquid carrier. 
0144. Yet another process, wherein the embodiment of 
the invention pertaining to the pulmonary administration of 
biological agents can be employed, is in Airway Smooth 
Muscle (ASM) Control. In addition to controlling pulmo 
nary vascular Smooth muscle for pulmonary circulation, by 
practicing the present invention, it is now possible to aug 
ment certain breathable liquids (e.g., perfluorocarbons) with 
therapeutic agents which control ASM and, therefore, air 
way resistance to flow. 
0145. In the case of severe asthma, the ASM contracts 
Such that respiration is impeded and hypoxia and hyper 
capnia generally results. We have demonstrated that the 
addition of a ASM agonist and antagonist to a breathable 
liquid can Significantly alter ASM tone and, Subsequently, 
affect ventilating preSSures. Specifically, in Example 12 of 
this invention (infra), acetylcholine was injected into a 
perfluorocarbon liquid during inspiration. AS that Example 
demonstrates, there was a rapid increase in tracheal pressure 
due to airway constriction. Airway dilation, on the other had, 
has also been demonstrated with the addition of other 
biological agents, Such as isoproterenol and epinephrine, to 
a perfluorocarbon ventilation liquid. 

0146 The embodiment of the invention pertaining to the 
pulmonary delivery of biological agents can also be useful 
for diagnosing particular conditions, diseases and/or abnor 
malities in the pulmonary System. For example, contrast 
agents (e.g., radioopaque agents) can be augmented into the 
liquid medium to enhance Structural delineation of the 
patient's pulmonary air passages. Moreover, agents which 
can evaluate diffusional barriers, pulmonary blood flow, 
and/or distribution of Ventilation can also be employed. 
0147 When practicing any embodiment of the invention, 

it is generally necessary to monitor and/or control certain 
mechanical and/or physiological parameters. The particular 
parameters which would fall into this category will depend 
greatly upon Specific circumstances Surrounding the Specific 
application. Examples of variables which are generally 
taken into consideration when practicing the invention 
include, but are not limited to: the technique being employed 
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for liquid ventilation/lavage, the particular pulmonary con 
dition being treated, diagnosed and/or controlled the par 
ticular method of treating, diagnosing and/or controlling the 
particular condition, and the likes and/or any combination 
thereof. 

0.148 Parameters which are most often monitored and/or 
controlled generally can be divided into three categories. 
The first category includes the monitoring and/or control of 
parameters, Such as breathing frequency, inspiratory and 
expiratory times, Volume, flow rate, and/or pressure. The 
Second category includes the monitoring and/or control of 
parameters, Such as the temperature of the inspired liquid. 
The third category includes the monitoring and/or regulation 
of parameters, Such as oxygen and carbon dioxide tensions 
of the inspired liquids. While the aforementioned list of 
categories includes those parameters which are most likely 
to be monitored and/or controlled, is not intended to be an 
exhaustive list. 

0149 AS can be seen from the above disclosure, the 
pulmonary administration of biological agents through at 
least a portion of the patient's air passages is also a means 
to directly acceSS cardiac output for the infusion of Selected 
agents when Systemic collapse precludes delivery via intra 
vascular administration. 

0150. As stated earlier, any suitable technique can be 
employed to combine the Selected biological agent and the 
selected liquid carrier. While not necessarily the preferred 
technique, one of the many examples of an apparatus and 
method for producing a uniformly dispersed phase of a 
biological agent in a liquid medium is now described. The 
term biological agent used in conjunction with the following 
description, is in a liquid phase or can be converted into a 
liquid-phase. Examples of Such biological agents include, 
but are not limited to, exogenous Surfactants, antibiotics, 
Steroids, antioxidants, antiprotease, bicarbonate, and other 
Similar chemotherapeutic and/or diagnostic agents. 
0151. This representative apparatus produces a cloud or 
liquid-liquid mist of uniformly sized agent-containing drop 
lets with a liquid carrier (e.g., a perfluorocarbon liquid), 
wherein the droplets are a uniformly dispersed phase and the 
liquid carrier is a continuous phase. This method is useful for 
producing agent/carrier combinations that form a dispersion 
or Suspension (where the carrier and agent are immiscible to 
a Substantial degree), or a Solution (in the case of Soluble 
constituents). 
0152 Referring to FIG.38, an apparatus 208, that can be 
used to provide a uniformly dispersed biological agent 
within a Source of a liquid carrier 210, includes a longitu 
dinal conduit 212 that carries the agent-containing fluid to a 
delivery device (not shown) for introducing liquid 210 in the 
at least a portion of the patient's pulmonary air passages. 
Along the length of conduit 212, upstream from the end 
where liquid 210 enters the preselected pulmonary air pas 
Sages, is header 214. 

0153. Header 214 is divided into an inner chamber 216 
and an outer chamber 218. Inner chamber 216 occupies the 
central portion of header 214, and outer chamber 218 
Surrounds inner chamber 216 and occupies the balance or 
outer portion of header 214. The upstream end of inner 
chamber 216 communicates with source 220 for the aqueous 
Solution or other liquid-phase biological agent(s) 220 
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through conduit 213. Outer chamber 218 communicates 
with liquid carrier source 210 through conduit 211. Although 
conduit 211 is illustrated as being on the side of header 214, 
it can also be on the top or bottom of header 214 or on the 
side where conduit 213 joins the header. Inner chamber 216 
and outer chamber 218 are separated from each other so 
mixing of the aqueous Solution or other liquid-phase 
agent(s) and the liquid carrier, within header 214, is pre 
vented. 

0154 Downstream end of outer chamber 218 includes a 
plurality of orifices 224 through which liquid carrier 210, 
within outer chamber 218, can pass in an evenly distributed 
manner into conduit 212. Liquid carrier 210 flows through 
conduit 212 in the direction of arrows 226. 

O155 Downstream end of inner chamber 216 communi 
cates with upstream end of a plurality of longitudinal tubes 
228 that extend lengthwise in a downstream direction within 
the central portion of conduit 212. The downstream end of 
each tube 228, opposite inner chamber 216, includes nozzle 
230. When the solution of biological agent(s) is forced 
through nozzle 230, Small droplets 234 are formed. The 
plurality of tubes 228 are Spaced apart in a side-by-side 
relationship so that liquid carrier 210, which enters conduit 
212 through orifices 224, can flow between and around tubes 
228. 

0156. In most cases, the length of tubes 228 will be such 
that liquid carrier 210, which passes through orifices 224, 
can achieve a laminar flow before passing by nozzles 230. 
Laminar flow is preferred so that the dispersed droplets of 
the aqueous Solution or other liquid-phase biological 
agent(s), as described hereinbelow in more detail, will be 
uniformly dispersed throughout liquid carrier 210. 

O157 Upstream from nozzles 230 and downstream from 
inner chamber 216, tubes 228 are supported by a plate 232 
that passes upward, perpendicular to the longitudinal axis of 
tubes 228, through the top side of conduit 212. Plate 232 
supports each tube 228 near nozzle 230 so that nozzles 230 
are positioned uniformly and Substantially in the center of 
conduit 212. In a preferred embodiment, plate 232 is 
attached to a high-frequency driver, Such as an ultrasound 
transducer, that can vibrate the nozzles 230 at a high 
frequency to Stimulate the natural instability of the droplets 
that form at the nozzles tipS and promote the formation of 
the small droplets of controlled size. The vibration can be in 
a vertical plane or a horizontal plane relative to plate 232. AS 
an alternative to vibration, controlled-size droplets of the 
aqueous Solution or other liquid-phase biological agent(s) 
can also be formed by providing oscillatory pulses of 
pressure to the liquid in tubes 228. Pressurizing the liquid in 
tubes 228 can be accomplished by pulsing the source 220 
preSSure of the aqueous Solution or other liquid-phase 
agent(s) at appropriate frequencies. 
0158. In operation, liquid carrier 210 is introduced into 
outer chamber 218 through conduit 211. Liquid carrier 210 
fills outer chamber 218 and passes through orifices 224 and 
into conduit 212 where it passes down conduit 212 and in 
between and around tubes 228. 

0159. An aqueous solution or other liquid-phase biologi 
cal agent(s) is introduced into inner chamber 216 through 
conduit 213. The Solution fills inner chamber 216 and enters 
tubes 228. The solution exits tubes 228 through nozzles 230 
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which produces small, uniformly sized droplets 234 of the 
solution. Since liquid carrier 210 surrounds nozzles 230, the 
droplets of liquid drug are dispersed into the liquid carrier as 
they separate from nozzles 230. Formation of uniformly 
sized droplets of preferred diameters may be promoted by 
either vibrating plate 232 or by providing oscillatory pulses 
of pressure to the Source of the aqueous Solution of liquid 
phase agent(s) as described above. 
0160 The size of droplets 234 can be controlled by 
varying the size and shape of the nozzles, the temperature of 
the Source liquid 220, and/or the mean pressure provided 
from the Source of the aqueous Solution or other liquid-phase 
drug(s). In addition, the frequency, magnitude, and shape of 
the oscillation signal (e.g., Sine wave VS. Square wave) of the 
Vibration, or the frequency and magnitude of the pulses of 
preSSure, can be modified to Selectively control the size of 
the droplets. Other factorS Such as drug vehicle temperature 
and chemical additives that effect physical properties (e.g., 
surface tension and viscosity) of the carrier 210 liquid 
(without changing the therapeutic effects or toxicity of 
Same) can also be manipulated to control the formation of 
the droplets. 

0.161 It should be understood that the apparatus 
described above is but one representative embodiment by 
which one can achieve this liquid-liquid mist of uniformly 
sized droplets in a carrier liquid. The motivation to introduce 
drugs in this manner is particularly important with immis 
cible liquids of Substantially different densities, Such as in 
the case with aqueous-based drugs and perfluorocarbon 
liquids. By introducing the dispersed drugs in the flow 
Stream just before entering the patient, the time for buoy 
ancy-driven Separation of the two constituents is minimized 
and the biodistribution of the drug is thereby enhanced. 
0162. It should also be understood that the embodiment 
of the invention pertaining to the pulmonary administration 
of drugs also includes the administration of Solid, insoluble 
drugs. In these instances, for example, a liquid-Solid phase 
may be formed by dispersing and/or Suspending a fine 
powder of the drug in the liquid carrier. 
0163 The examples which follow are intended to assist 
in a further understanding of the invention. Particular mate 
rials employed, Species, and conditions are intended to be 
illustrative of the invention and are not limitative of the 
reasonable Scope thereof. 

EXAMPLES 

0164. Based on the well-established biocompatability of 
perfluorocarbon liquids, the issues most central to determin 
ing the feasibility of the disclosed convection and ultrasound 
hyperthermia techniques were those having to do with the 
fluid, thermal, and acoustic characteristics of perfluorocar 
bon liquids and lungs filled with perfluorocarbon liquids. 
Below, the general physical, thermal, and acoustic properties 
of candidate liquids are quantified in parameter ranges 
appropriate to lung heating, as confirmed by isolated lung 
and in Vivo experiments. By employing perfluorocarbon 
liquids that meet the disclosed criteria, we have demon 
Strated Sustained and controlled convective and ultrasound 
hyperthermia in large animal lungs in Vivo. 
0.165 Athorough investigation of the requisite properties 
of candidate perfluorocarbon liquids was undertaken. From 
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these Studies, the most Suitable class of liquids was Selected 
for use in confirming animal research. AS described below, 
perfluorocarbon liquids were found to exhibit interesting 
acoustic properties leading to unexpected but, for the most 
part, favorable behavior for the purpose of liquid-filled lung 
ultrasound hyperthermia (LLUH). Chief among the findings 
are: a) pure perfluorocarbon liquids show measurable non 
linear acoustical behavior in intensity ranges Suitable to 
LLUH (<2 W/cm (a 1 MHz), i.e., attenuation increases 
with power as well as frequency; and b) perfluorocarbons in 
the lung exhibit significant acoustical Scattering of the 
ultrasound beam. The implications these observations have 
on the LLUH devices include 1) the need for lower frequen 
cies than are used in conventional Superficial ultrasound 
hyperthermia, 2) a natural advantage exists whereby inher 
ent acoustic beam profile “Smoothing” (i.e., flattening of the 
nearfield diffraction peaks) occurs due to augmented Scat 
tering, and 3) a potential benefit favoring focused ultrasound 
devices may exist in that preferential absorption in their 
focal regions should result from the nonlinear properties of 
these particular liquids. In addition, the physical properties 
of perfluorocarbon liquids have yielded Some unexpected 
advantages. Chief among these are a) the tremendous gas 
solubility of the liquids make them unique in their ability to 
quickly and completely fill lung tissue, an advantage impor 
tant for acoustic coupling, and b) the high gas Solubility can 
likely be exploited to Suppress cavitation in the liquid. In 
addition, the low Surface tensions of perfluorocarbon liquids, 
as shown in FIG. 8, enhance the liquids' ability to readily fill 
the lung. Also, when a lung becomes filled with liquid, liquid 
resides on both sides of the vascular spaces, that is, on both 
the gas Side and the blood Side. By regulating the amount of 
liquid infused into the lung Space, the blood flow can be 
controlled. This is because the more fluid that is introduced, 
the more compressed the lung capillaries become. Reduced 
blood flow is an important mechanism to reduce heat 
dissipation and therefore to further localize the treatment to 
the desired target tissues. Also, the liquid distribution in the 
lung can be used to control the distribution of pulmonary 
blood flow. 

0166 A wide range of perfluorocarbon liquids were ini 
tially considered in an evaluation of physical, thermal, and 
acoustic properties for Selecting the most apt liquids for 
liquid-filled lung procedures. A Summary of these properties 
is described in detail below. 

EXAMPLE 1. 

General Characteristics of Perfluorocarbon Liquids 
0167 Physical properties: The candidate perfluorocarbon 
liquids Spanned a wide range of molecular weights, as 
indicated in FIG. 7. For reference purposes, the physical 
properties of the liquids are presented in the Figures in order 
of molecular weight, with water properties included for 
comparison, and, unless otherwise Stated, are measured at 
25° C. 

0168 Fluid flow properties: The predominant force 
involved in lung inflation is the Surface force along alveolar 
walls due to the action of Surface tension effects from the 
moist lining of the alveoli. The introduction of bulk liquid 
into the lung Significantly reduces these forces Since the 
gas/liquid interface is removed. Further reducing these 
forces is the fact that perfluorocarbon liquids have Some of 
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the lowest surface tensions recorded for liquids (FIG. 8). 
These combined effects means that the net preSSure to 
maintain inflation in a PFC-filled lung is roughly 20-30% of 
that required for air inflation 61). This fact is advantageous 
for providing cuff isolation of lung lobes and Segments since 
cuff Sealing in the airways can be accomplished with lower 
preSSures than for normal clinical bronchial intubation. 
0169 Perfluorocarbon liquids are generally poor sol 
vents, being essentially insoluble in water, alcohols, and 
most biological materials. This is a primary key as to why 
they are Superior to Saline as acoustic coupling/heat transfer 
fluids for liquid-filled lung ultrasound and convection hyper 
thermia treatments. This immiscibility ensures that the phos 
pholipid Surfactant (which maintains low Surface tension in 
alveolar wall moisture) will not readily be washed out of the 
treated lung. This in turn minimizes the respiratory difficulty 
which might otherwise occur in a lung after returning to gas 
ventilation 62). 
0170 To reduce liquid flow resistance into and out of the 
lung it is important to minimize the effects of Viscous 
resistance. FIG. 9 shows that some of the perfluorocarbon 
liquids considered are relatively high in absolute Viscosity, 
compared to water. On this basis, liquids with molecular 
weights (see FIG. 7 for molecular weights) higher than 
F-Decalin (i.e., perfluorodecalin) become less desirable. 
Strictly considered, flow resistance is more closely related to 
the “kinematic viscosity” (absolute viscosity/density) than 
absolute Viscosity, usually as expressed in the "Reynolds 
number'63). Considering the higher densities of the liquids 
(FIG. 10), it is found that those perfluorocarbon fluids with 
molecular weights below F-Decalin have flow resistance 
characteristics equivalent to or better than water. 
0171 Gas Solubility: To illustrate the tremendous capa 

bility of perfluorocarbon liquids to absorb dissolved gases, 
FIG. 11 shows the oxygen solubility of six perfluorocarbon 
liquids in comparison with water. From the Standpoint of 
exploiting this property to Suppress cavitation, to assist in 
lung filling, and, of course, to enable Simultaneous lung 
ventilation during liquid-filled lung hyperthermic treatments 
(via ultrasound and/or convection), the perfluorocarbon flu 
ids are all roughly equivalent, with a slight preference going 
to molecular weights below F-Decalin. 

EXAMPLE 2 

Thermal Properties of Perfluorocarbon Liquids 
0172 Thermodynamic properties: In ultrasound lung 
heating it will be undesirable to induce boiling in the 
coupling liquid Since, at the very least, this will interrupt 
acoustic coupling. AS shown in FIG. 12, this criterion 
renders FC-72 a very poor liquid selection, and RM-82 and 
FC-84 less than optimum as well. In this category, RM-101 
and FC-75 roughly match the boiling points of tissues, so 
they are acceptable, though not as appealing as the higher 
molecular weight fluids. 
0173 The efficient removal of perfluorocarbon liquid 
from the lung after liquid-filled lung hyperthermia treat 
ments must be a leading consideration in designing the 
proposed therapies. The primary removal mechanisms for 
the bulk liquid will be first pumping or Suctioning the fluid 
from the lung, permissibly followed by gravity-induced 
drainage (enhanced by the high densities of perfluorocar 
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bons). The remainder of the fluid is then removed by 
evaporation. The facility with which a liquid evaporates is 
expressed by its vapor preSSure; the higher the value, the 
more rapid the evaporation. As FIG. 13 demonstrates, 
perfluorocarbon liquids with molecular weights above 
F-Decalin are clearly unacceptable from this Standpoint. It is 
not Surprising that the most favorable liquids in this category 
(FC-72, RM-82, and FC-84) are the same ones that were 
undesirable from a boiling point perspective, Since the 
physical phenomena are the Same. 

0.174 Heat transfer properties: The ability to convec 
tively transfer heat to the lung will be governed by the 
“Prandtl number of the fluid, which defines the ratio of 
Viscous diffusivity to thermal diffusivity, i.e., the ratio (spe 
cific heat)x(viscosity)/thermal conductivity (64). Because 
the Specific heat for perfluorocarbon liquids is virtually 
constant (0.25 J/g-C) and since their thermal conductivities 
only vary by about 20% (k=0.064 W/m-C), a Prandtl 
number comparison is dominated by differences in Viscosity 
(see FIG. 9). Thus, from this standpoint, all fluids with 
molecular weights below F-Decalin are generally preferred 
and are approximately the same. 
0.175. The ability to sustain constant temperatures in the 
lung is determined by the “thermal capacitance' of the fluid, 
or (density)x(specific heat). Again, because there is no 
variation in Specific heat between the fluids, the more dense 
fluids will be those with higher thermal capacitances. 

EXAMPLE 3 

0176 Laboratory acoustic measurements: For the pur 
pose of obtaining attenuation data over the range of physical 
parameters described, a special Perfluorocarbon Fluid Con 
ditioning and Acoustic Measurement Flow System was 
constructed, as depicted schematically in FIG. 14. This 
System permitted low volumes of perfluorocarbon liquid (<1 
liter) to be conditioned to any desired temperature and gas 
Saturation level while exposing the liquid in a transparent 
fluid sample cell to ultrasound. The fluid sample cell fea 
tured thin membranes (1 mil Monokote) on the top and 
bottom Surfaces, allowing virtually loss-free coupling of the 
Sound to the cell via temperature-controlled degassed water. 
Sound attenuation was measured via the force balance 
method, which detects acoustic radiation pressure 65). The 
Sound traversed the Sample cell and was then absorbed by an 
absorber plate Suspended from a precision load cell. The 
acoustic path length through the perfluorocarbon liquid was 
5.0 cm. An adjustable-height base plate below the absorber 
was adjusted to reduce Oscillations in the absorber through 
the action of Viscous fluid dampening. The radiation forces 
were recorded by a digital Voltmeter connected to the load 
cell, with the Voltage Signals representing force automati 
cally Sent to a computer where the data was converted to 
acoustic power in Watts and stored for later analysis. To 
accommodate the need for frequencies below 1.0 MHz, both 
250 and 500 KHZ power transducers were constructed. 
0177 Cavitation is a complex function of temperature, 
fluid properties, fluid purity and cleanliness, ambient pres 
Sure, and gas content. For the purposes of this study, clean 
perfluorocarbon liquid was used and measured over a tem 
perature range from 25 to 45 C. and at gas Saturations from 
a completely degassed State to 100% Saturation using air, 
O2, and blood gas (7% O2, 7% CO2, balance N2). Cavita 
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tion thresholds were determined primarily by high-speed 
Video camera recording, by Still photography, and by visual 
inspection for bubble formation through the transparent 
Sample cell walls. Sound Speeds were measured by fre 
quency-matched ultrasound transmitter/receiver transducer 
pairs Separated by a known and fixed gap. A Single-path, 
time-of-flight method of Velocity measurement was 
employed using an oscilloscope. 

0.178 Perfluorocarbon liquids have sound speeds which 
are among the lowest recorded for any liquids (FIG. 15). To 
obtain efficient coupling of the beam into the perfluorocar 
bon liquid from either water or tissue, the liquid's acoustic 
impedance, (density)x(Sound speed), should approximately 
match that of water and tissue. Whereas the Sound velocities 
are indeed very low in perfluorocarbon liquids, their higher 
densities favor a good acoustic impedance match, as shown 
in FIG. 16. FIG. 17 shows comparative values of perfluo 
rocarbon acoustic impedances. Although FC-5311 shows an 
almost perfect match, this liquid is ill-Suited for use in 
liquid-filled lung hyperthermic treatments on the basis of the 
physical properties discussed above. The remaining acoustic 
matching values, while not ideal, can provide good coupling 
of Sound between water and tissue. For example, the trans 
mission loss of Sound passing from water into FC-75 is only 
Slightly over 3 percent. 

EXAMPLE 4 

Acoustic Properties of Perfluorocarbon Liquids 

0179 Acoustic measurement materials and methods: 
Ultrasound transmission is primarily governed by attenua 
tion in the perfluorocarbon liquids and, at relatively higher 
intensities, cavitation (i.e., creation of Small bubbles by 
gases liberated out of Solution). Lab measurements of Sound 
Speed, impedance, attenuation, and cavitation were done in 
Several perfluorocarbon fluids over a temperature range from 
25 to 45 C. and at various gas Saturations representative of 
conditions anticipated in liquid-filled lung hyperthermic 
treatments in a special Perfluorocarbon Fluid Conditioning 
and Acoustic Measurement Flow System (depicted sche 
matically in FIG. 18). 
0180 Blood perfusion in liquid-filled lungs is much 
lower than under normal physiological conditions, particu 
larly when the lung tissue being treated is not Simulta 
neously ventilated. In addition to enhancing the localization 
of the treatment, as discussed above, by Virtue of reducing 
blood perfusion dissipation of thermal energy, the ultrasound 
power required for lung hyperthermia is Surprisingly lower 
than might be appropriate for other vascularized tissue, e.g., 
muscle. The acoustic intensities employed for the evaluation 
of perfluorocarbon acoustic properties ranged from 0-3.5 
W/cm and are expected to fully encompass the range appro 
priate for lung heating. Somewhat higher output powers 
were used in the cavitation evaluations. In addition, although 
properties were measured at frequencies of 0.25, 0.50, 0.90, 
1.0, 1.1, and 2.25 MHz, only the range from 0.25 to 1.1 MHz 
was Studied in detail due to the high attenuation associated 
with 2.25 MHz sound. The following observations were 
made. 

0181 Acoustic impedance: Perfluorocarbon liquids have 
Sound Speeds which are among the lowest recorded for any 
liquids. To obtain efficient coupling of the beam into the 
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perfluorocarbon liquid from either water (or tissue), the 
liquid acoustic impedance, (density)x(Sound speed), should 
approximately match that of water and tissue. Whereas the 
Sound Velocities are indeed very low in perfluorocarbon 
liquids, their high densities favor acoustic impedance match 
ing, as shown in FIG.16 (perfluorocarbons listed according 
to molecular weight). For example, the transmission loss of 
sound passing from water to FC-75 is only slightly over 3 
percent. 

0182 Acoustic attenuation: The most Surprising acoustic 
characteristic of perfluorocarbon liquids was found to be 
their low threshold for exhibiting nonlinear behavior. FIG. 
19 shows the attenuation behavior of FC-75 by comparing 
the acoustic power transmitted through 5 cm of degassed 
water (virtually loss-free) versus that through FC-75 at 1.0 
MHz. It can be seen that the attenuation gradually increases 
with power (electrical power is normalized by the transducer 
face area and expressed as Electrical “Intensity'), even over 
the moderate power levels required for lung heating. The 
liquid attenuation is, however, extremely Sensitive to fre 
quency. As shown in FIGS. 20 and 21, the attenuation and 
the degree of nonlinearity fall dramatically at lower frequen 
cies, showing virtually loss-free behavior at 250 and 500 
KHZ (within the limits of accuracy of the measurement 
method). The attenuation in perfluorocarbon liquids also 
increases as the fluids are heated, as depicted in FIG. 22. 
This is an interesting nonlinear aspect as well, for attenua 
tion in water and most fluids decrease with temperature, due 
to the reduction of Viscosity. Although perfluorocarbon 
attenuation increases with temperature, the use of low fre 
quencies can compensate, resulting in very low losses, as the 
250 KHZ, T=45° C. data of FIG.23 show. FIG.24 compares 
the attenuation in three perfluorocarbon liquids representing 
a significant range of molecular weights. 

0183 Cavitation: While the bio-effects of acoustic cavi 
tation are apparently tolerated in Some therapeutic applica 
tions 55, in principle it will be better to avoid it in the 
liquid-filled lung. The data obtained in these experiments 
have shown that cavitation is likely to occur at ultrasound 
intensity levels only if the perfluorocarbon liquid is at or 
very near its Saturation point in terms of dissolved gases 
(e.g., O2 or blood gases). Thus, it will not be advisable to 
support respiration in the lung with 100% O2 saturated 
liquids while using ultrasound heating. However, this does 
not preclude the use of incompletely gassed liquids (e.g., 
75% saturation) for use in simultaneous ventilation with 
ultrasound hyperthermia. 

0184. Also, it should be emphasized that simultaneous 
100% O2 liquid ventilation support while convectively 
heating the lung is feasible. FIG. 25 shows the power 
dissipation which occurs from cavitation in 100% saturated 
FC-75 over the hyperthermic temperature range. This data 
also indicates that no cavitation occurs in degassed liquids. 
Some variation of the threshold for cavitation in gas-Satu 
rated liquids was found as a function of frequency as well as 
of temperature. 

0185. It is important to stress that even slight degassing 
Seems effective in Suppressing cavitation at these intensities. 
This is probably due to the tremendous perfluorocarbon 
affinity for gases. Perfluorocarbons appear less prone to 
cavitation at equivalent Saturations and intensities than 
water. The perfluorocarbon capacity to dissolve gases is So 
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high, in fact, it is difficult to cavitate liquids at the recom 
mended ultrasound powers even a few percent below Satu 
ration, as seen in FIG. 18 (where <gas Saturation is changed 
in Small increments by changing liquid temperature). 
Because of both decreased lung perfusion during liquid-lung 
procedures and the large "gas Sink' characteristics of per 
fluorocarbon liquids, it is plausible that the pulmonary 
circulation would take Several minutes to Saturate degassed 
perfluorocarbon liquids introduced into the lung, particularly 
considering that the partial pressure of H2O vapor may 
preclude Sufficient dissolved gas Saturation conditions from 
occurring at all. Completely degassed liquids were used in 
the animal experiments (described below). The liquids were 
cycled into and out of the lung (several minutes apart) to 
maintain low liquid gas levels. 

Summary 

0186 On the basis of the foregoing experimental obser 
vations, the fluorocarbon liquids FC-75 (a mixture of per 
fluorobutyltetrahydrofuran and perfluoropropyltetrahydro 
pyran; 3M Company, Minneapolis, Minn.) and RM-101 (a 
mixture of Furan,2,2,3,3,4,4,5 heptafluorotetrahydro-5- 
(nonafluorobutyl) and 2H-Pyran,2,2,3,3,4,4,5,5,6-nonafluo 
rotetrahydro-6-(nonafluorodecafluoro); MDI Corp., Bridge 
port, Conn.) were found equally Suitable as ultrasound 
transmission and heat transfer fluids in the lung. Reinforcing 
the selection of these fluids (which, in purified form, should 
be substantially free of hydrogen) is the fact that both have 
been used in animal liquid ventilation research and have 
excellent records of biocompatibility 3). FC-75 and 
RM-101 are thus considered representative of the class of 
perfluorocarbon liquids, most Suitable for liquid-filled lung 
convection and ultrasound procedures, having the most 
preferred physical, thermal, and acoustical parameters. 
Since FC-75 is representative of this class, the presentation 
of its properties will be emphasized from this point on. 

EXAMPLE 5 

Acoustic Properties of Perfluorocarbon-Filled 
LungS 

0187 Animal model/study design: Due to their size and 
Structure, adult Sheep lungs are good pulmonary models. In 
the following animal experiments, five adult sheep were 
used in acute in Vivo and in Vitro Studies. A narrow band, 
1.0-MHz, 6-cm diameter piezo-ceramic disk transducer with 
an integral temperature controlled coolant/coupling liquid 
was utilized for these studies. Both thermal techniques 
(measuring specific absorption rates (SAR) of power) and 
acoustic methods (measuring acoustic pressures and inten 
Sities) were employed. The animal preparation and experi 
mental methods employed for the in Vivo Studies are 
described in detail below. 

0188 Animal Preparation: Following the methods nor 
mally used in ongoing liquid ventilation research, the ani 
mals were all initially given pentobarbital sodium (20 
mg/kg) to induce deep sedation. After a local infiltration of 
1% lidocaine in the neck, the right carotid artery and right 
jugular vein were cannulated. A tracheotomy was performed 
for the placement of either an endotracheal tube or a liquid 
infusion catheter (the catheter shown in FIG. 1 could be 
used for this purpose). To maintain biological Stability, the 
sheep’s untreated lungs are ventilated on a mechanical 
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ventilator at a Volume of 500 ml, at a frequency of approxi 
mately 15-20 breaths per minute, under Skeletal muscle 
paralysis (pancuronium bromide; initial bolus of 0.1 mg/kg, 
followed by 0.1 mg/kg/hr). In addition, Steady State main 
tenance of the animals included an intravenous crystalloid 
infusion (10% dextrose with 10 mEg sodium bicarbonate 
and 1 mg sodium pentobarbital/100 ml fluid) administered at 
a rate of 3 ml/kg/hr. Physiological monitoring was done via 
arterial blood gas tensions, pH, heart rate, and blood pres 
Sure measurements. Additional Surgical procedures during in 
Vivo experiments included double or triple rib resections, to 
expose an acoustic window for the ultrasound applicator. 
Also, Small needle thermometry probes were inserted in 
deep muscle and in the isolated region of the lungs 
(described below). All animals were euthanized with mag 
nesium chloride. 

0189 Liquid-filled lung Procedures: To quantify acoustic 
properties in perfluorocarbon-filled lungs in vitro, a Series of 
experiments were performed on isolated adult sheep lungs. 
There is a Striking Visual difference between a normal 
air-filled lung and one which is filled with fluorocarbon 
liquid. The glistening dark red color characteristic of the 
Successfully filled “liquid lung” was one measure of a lung 
reaching complete filling. In addition, measurements of 
acoustic propagation were also used to confirm the degree of 
filling. It was found, both in the in Vitro and in Vivo cases, 
that the lung filling process could be accomplished in about 
one-quarter of the time previously required for perfluoro 
carbons if the liquid were completely degassed prior to the 
initial infusion (only 1-3 minutes). The enhanced filling 
proceSS was due to the perfluorocarbons' ability to dissolve 
great quantities of gas, rather than Simply depend on dis 
placing the trapped alveolar air. It was found that Saline 
filling required much more time than for the fluorocarbons 
using partially degassed liquids. 

0190. In vitro ultrasound experimental materials and 
methods: In vitro ultrasound characterizations were per 
formed with an applicator consisting of a narrow band 
1.0-MHZ, 6-cm piezo-ceramic disk transducer with tempera 
ture controlled coolant/coupling liquid continuously Sur 
rounding it. The system was capable of delivering 150 Watts 
of acoustic power, though these power levels were in exceSS 
of that required for fast warmup and certainly much more 
than was required for Stable Steady State lung hyperthermia. 

0191 The isolated lungs were instrumented either with 
thermocouple probes (29 gauge) or with ultrasound hydro 
phones for thermal or acoustic determinations of attenua 
tion, respectively. Acoustic gel was used to insure good 
coupling into the tissue. The thermal technique used was that 
of determining the Specific Absorption Rate (SAR) from the 
initial rate of temperature rise 66 at different depths in the 
lung. RatioS of SAR at the various depths yielded attenua 
tion. The hydrophone measurements recorded dynamic pres 
Sure variations directly which were displayed on an oscil 
loscope. Squaring of the preSSure data resulted in data 
proportional to intensity, which could then be translated to 
attenuation values for known acoustic path lengths. 
0.192 In vivo liquid-lung ultrasound hyperthermia mate 
rials and methods: To provide efficient filling of the lung 
lobe, completely degassed FC-75 was introduced through a 
conventional clinical bifurcated bronchial catheter that per 
mitted infusion of the Selected lung lobe while Sustaining 
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gas ventilation in the remainder of the lung. The catheter was 
placed without benefit of a bronchoScope, So the correct 
placement had to be determined by Verification of lung 
inflation motions in the desired lung Segments. The perfluo 
rocarbon liquid was introduced at room temperature and 
only infrequently circulated in and out. In most cases the 
cranial Segment of the right apical lobe was chosen for 
Selective heating, both in the ultrasound and the convective 
hyperthermia experiments. 

0193 These segments had inflated volumes of approxi 
mately 250-300 ml. An "acoustic window” to the lung 
Segment was obtained by resection of portions of three ribs 
essentially analogous to an intraoperative hyperthermia 
treatment. The treated lung Segment was partially exterior 
ized through the “window” to enable invasive thermometry 
of the treated lung at different depths. The Sound was 
propagated directly through coupling water and membrane 
into the lung. In most cases, the lung Surface was cooled 
with 37 C. coupling water. 
0194 In addition to heating data, in vivo acoustic mea 
Surements were also performed via the hydrophone method 
previously described. Continuous recording of relevant 
physiological parameters were performed throughout the 
experiments. These measurements included Systolic and 
diastolic blood pressure (reduced to Mean Arterial Pressure), 
core temperature, heart rate, and respiration rate. Gas Ven 
tilation was maintained by a mechanical respirator. Cardiop 
ulmonary Stability was confirmed throughout the treatments 
by taking periodic blood Samples for arterial pH, p0, and 
pCO. 
0.195. In vitro ultrasound results: FIG. 26 presents typical 
in vitro attenuation values for isolated lung of an adult 
sheep. The attenuation shows a significant increase with 
increasing frequency. Note also that the attenuation levels 
are higher in the liquid-filled lung than for the pure liquid. 
It is postulated that this augmented attenuation is mostly 
attributable to scattering from the refraction effects of the 
Sound Speed mismatch between the parenchymal tissue and 
the liquid (increased scattering is Supported by the ultra 
Sound imaging results as well). Because Scattering increases 
the effective acoustic path length, a wave traverses and 
Spreads the beam Slightly, the near loSS-free propagation for 
lower frequencies (e.g., 250 and 500 KHz; FIGS. 20, 21, 
and 23) in perfluorocarbon liquids is no doubt preferred to 
frequencies above 1 MHz for deeper hyperthermia. Lower 
frequency ultrasound should also exhibit significantly 
reduced Scattering Since the wavelength increases Substan 
tially (e.g., to 3-6 mm) in relation to the main Scattering 
Structures (i.e., bronchioles, diameters <1 mm (56). 
0196. FIG. 27 demonstrates that the liquid-filled lung 
acoustic properties are dominated by the presence of the 
liquid (this likely also holds true for the thermal properties). 
This data shows that the effective Sound Speeds measured 
(both in vivo and in vitro) are close to those of the pure 
liquid (dashed line). Note that connective tissue Sound 
Speeds are usually higher than those of blood and muscle. 

EXAMPLE 6 

In Vivo Acoustic Lung Hyperthermia 
0.197 Employing the methods and protocols described in 
Example 5, Sustained hyperthermia (42-45 C. to about 4 cm 
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depth for 30 minutes) was successfully accomplished in the 
two animals used for the tests. The temperature VS. depth 
histories which resulted are represented by FIG. 28, which 
depicts the experiment employing the greatest number of 
temperature probes. In this case probes were located in the 
interstitial tissue along the beam central axis at depths of 0.5, 
1.0, and 2.0 cm, and also at 3.0 cm but slightly off axis. In 
addition, an on-axis probe was placed on the distal Surface 
of the lung Segment (approximately 6 cm from the treatment 
Surface) between the lung Surface and a rubber mat (which 
also acted as an acoustic absorber). As shown, lung tem 
peratures exceeded 43 C. to approximately 3 cm depth, 
with acoustic penetration through the lung Segment indi 
cated by the high temperatures on the distal Surface (effec 
tively 6 cm deep). The close tracking of the 2 and 3 cm depth 
temperatures (again, not in line with each other) may have 
been due to refractive effects or differences in local perfu 
Sion. The lower temperature at the 0.5 cm site is due to the 
conductive cooling of the coupling water (at 37° C). The 
“thoracic cavity' core temperature probe was located near 
the treated Segment in the cavity. The Steady State power 
requirements in this case ranged between 12 to 15 Watts, 
again indicative of low pulmonary perfusions due to the 
liquid presence. 
0198 Perfusion response of the liquid-filled lung: The 
ultrasound power levels required for Steady State hyperther 
mia were unexpectedly low due to low blood flow levels in 
the heated lung. An analysis of the physiological mecha 
nisms involved, however, indicates that the perfusion is 
Suppressed due to the combined effects of: 1) increased 
pulmonary vascular resistance due to the presence of the 
liquid compressing alveolar capillaries, 2) the shunting of 
the pulmonary circulation to other areas of the lung from 
locally low pC) (here from degassed liquids), and 3) to 
shunting from a low pH buildup in the lobe 29, 30, 31. 

EXAMPLE 7 

In Vivo Convective Lung Hyperthermia 

0199 Convection hyperthermia materials and methods: 
Using the large animal liquid ventilation (LALV) system of 
Temple University (FIG. 29), heated, temperature-con 
trolled FC-75 could be circulated in and out of lung lobes 
and Segments isolated via the bifurcated bronchial catheter 
method as described above. The animal preparation was 
essentially the same as for the ultrasound experiments. In 
this way convective lung hyperthermia was Successfully 
administered to the cranial Segment of the right apical lung 
lobe. To instrument the lung So that temperature probes 
could be easily placed at known depths, the lung Segment 
was partially exteriorized through a “window” created in the 
Same manner as was done for the ultrasound experiments. 
0200 FIG.30 shows the temperature history data for the 
convective lung hyperthermia experiment. The Setup period 
was used for establishing proper placement and Sealing of 
the liquid delivery catheter, for proper temperature probe 
placement, and to assess the response of the lung to LLCH 
parameter changes. It was found that the very thin wall (s.2 
mil) vinyl air cuffs on the available bifurcated catheters had 
very little Structural integrity at the elevated liquid tempera 
tures required of the hyperthermic treatment. AS Such, the 
catheters provided adequate, but not high quality, Sealing. 
Although this had very little physiological impact (since the 
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gas ventilation of the remaining lung was quite adequate), it 
did result in diminished heat transfer rates. The development 
of a Suitable liquid delivery catheter was therefore man 
dated. 

0201 During the experiment, the heat transfer to the lung 
Segment was varied by changing both the inspiratory liquid 
temperature (T) and the tidal volume (V) under constant 
cycling (5 “breaths’ per minute) conditions. Beginning with 
a low T, low V condition (43°C., 40ml), it was found that 
temperatures in the therapeutic range slowly fell below 
hyperthermic values. Lung perfusion effectively cooled the 
lung under these conditions. However, increases in T and 
V overcame this decline, bringing temperatures back up 
above 45 C. (t=60 minutes). Once the lung has reached the 
desired therapeutic temperature, the T and V. Settings were 
adjusted downward to maintain good Steady State hyperther 
mia (td.60 min). 
0202) Noteworthy trends: First, the temperature probes in 
the center of the lung segment interstitium (spaced 2-3 cm 
apart) consistently were within 0.5° C. of each other at the 
higher tidal flows (td60 min), and were usually within 1 C. 
of each other at the lower flows (tz40 min). Therefore, 
Spatially uniform heating can readily be achieved and con 
trolled via the tidal flow. Secondly, the rates of lung tem 
perature increase shown during the experiment (s0.25 
C./min) are much more Sluggish than rates which should 
occur at Similar Tins values in a properly designed clinical 
device. This is due to the aforementioned compromised heat 
transfer from the leaky catheter cuff. Indeed, much higher 
rates were found during the Setup period prior to cuff leakage 
(s.1 C./min for t<25 min). Lastly, it should be noted that 
Steady State lung temperatures closely tracked T, which 
was measured outside the animal in the liquid circuit. By 
placing a temperature Sensor at the distal end of the catheter, 
at the entrance to the heated lung lobe or Segment, the lung 
temperatures should be known with a high degree of cer 
tainty. This is significant in that there should be no need for 
invasive lung thermometry during the Subject treatment. 

EXAMPLE 8 

Ultrasound Imaging for Liquid-Filled Lung 
Procedures 

0203 The presence of liquid in the lung theoretically 
makes possible the use of ultrasound imaging, both for 
Viewing lung Structures and for use in conjunction with the 
ultrasound and convection treatments. Both in Vitro and in 
Vivo ultrasound imaging experiments were performed on 
perfluorocarbon-filled lungs as part of the animal Studies 
described above. The diagnostic imaging System was a 
commercial clinical System (Diasonics) capable of Sector 
Scanned images at frequencies from 3 to 7 MHz. B-Scan 
images were obtained on exteriorized perfluorocarbon-filled 
lung lobes and on lung lobes viewed through the rib cage 
and intrathoracically. 

0204 Consistent with the ultrasound results discussed 
previously, it was found that the increased attenuation and 
Scattering of the very high diagnostic frequencies (3-7 MHz) 
rendered the diagnostic value of imaging deep lung Struc 
tures through liquid-filled lung parenchyma poor. The imag 
ing of Structures through liquid-filled lung parenchyma may 
be the one area where Saline-filling of lungs provides a 
distinct advantage (due to matched Sound speeds). 
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0205 The foremost advantages of diagnostic ultrasound 
imaging in the present application are for monitoring the 
lung-filling process and for confirming the integrity of the 
acoustic path. This conclusion is based on the distinct 
ultrasound imageS which were obtained when lung lobes 
reached gas-free or near-gas-free States. 

EXAMPLE 9 

Liquid-Filled Lung Hyperthermia and 
Chemotherapy 

0206. The prospects for using perfluorocarbon liquids as 
drug delivery vehicles may be quite favorable since com 
mercial examples of fluoropharmaceuticals are many and 
diverse 60). In addition, simultaneous locally delivered 
anesthesia in the treated tissue should also be possible via 
liquid delivery (though Systemic anesthetic effects may also 
result). Although anesthetic use is often contraindicated in 
hyperthermia for Safety reasons, because the maximum 
temperature in the lung may be set by the clinician with 
confidence in the Subject (especially convection) treatments, 
Simultaneous anesthesia may be feasible in this procedure. 
Coincidentally, fluorine-containing inhalation anesthetics 
account for the largest Volume of fluorocompounds Sold for 
purposes that are nonindustrial 60. 

EXAMPLE 10 

Ultrasound Intracavitary Applicator (ICA) 
Experiments 

0207 FIG. 4 shows a schematic of a representative 
applicator head. A thin-walled piezoelectric ceramic cylin 
der (s1.0 MHZ resonance) was longitudinally and circum 
ferentially Sectioned into four Separate power transducers 
with 120 and 240 included angles, respectively. The 
multiple-transducer approach provided flexible heating pat 
terns. In these studies transducers 120 and 122 were driven 
in parallel (forming a Synchronous pair), as were 124 and 
126. Depending upon whether each pair or both were driven, 
either 120, 240°, or a full360° of heating could be achieved 
along the length of the cylinder. The transducers were 
mounted in an applicator with Self-contained cooling and an 
integral water bolus for Sound coupling, as depicted in FIG. 
6. The diameter of this first engineering prototype ICA 
transducer was 16 mm. Smaller cylinders more suitable for 
bronchial applications, however, can be readily made. 
0208. The applicator was mounted on a long (1 meter), 
flexible tubular shaft which housed the inlet and exit flow 
channels to the coupling bolus, as well as the RF power 
cables to the transducer. The water coolant flow dissipated 
heat to a maximum power of 100 Watts. The flow system 
was also characterized for pressure drop VS. flow rate to 
assure that acceptable preSSure dropS could be maintained in 
the long, narrow coolant channels. 
0209 The ultrasound beam quality was mapped in an 
acoustic test tank, while the thermal performance of the 
device was evaluated in a specially constructed body cavity 
phantom. FIG. 31 shows the acoustic intensity mapped (via 
hydrophone) in water along the axial direction (Z) of the 
transducer, 2 cm from the Surface and in the middle of the 
240 arc of energized transducers 124 and 126. FIG. 32 
presents SAR patterns measured in tissue-equivalent cavity 
phantoms by needle thermocouple probes at five axial 
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positions and several azimuthal angles (measured from the 
center of the 240° arc of transducers 124 and 126. FIG. 33 
shows the depth (radially outward) heating patterns in the 
phantom from the Surface to 2 cm into the phantom tissue. 
The 100-Watt maximum power employed is more than will 
be needed for most applications. 

EXAMPLE 11 

Liquid-Filled Lung Convection Hyperthermia 
(LLCH) System 

0210 FIG. 34 schematically shows a representative 
LLCH system. The System is constructed under require 
ments applicable to clinical use. It is designed to maintain 
complete Sterility of the liquids and catheters, and is modular 
and portable for convenient use in either a Surgical theater or 
hyperthermia/oncology Suite. The LLCH system provides 
heated, temperature-controlled perfluorocarbon liquid to the 
patient in either degassed or oxygenated form (partially 
degassed liquid States are also possible). To impose con 
trolled lung temperatures and heat transfer rates, the tidal 
volume and “ventilation” frequency (cycling rate of the fluid 
into and out of the lung), and the input liquid temperature are 
controlled by the operator. To insure sterility, the unit 
employs roller-type peristaltic pumps which completely 
contain the liquid in Sterile tubing. Similarly, valves, fluid 
fittings, and reservoirs are easily replaced and Sterilizable, or 
disposable. The inspiratory and expiratory flows, System 
liquid temperatures and components status are monitored 
and controlled by a central computer. The computer serves 
as the operator console during treatment, recording and 
displaying LLCH system parameters and invasive tempera 
ture probe data, and is also a work Station for data playback 
and post-treatment analyses. 

EXAMPLE 12 

Pulmonary Administration of Drugs: Cardiovascular 
and Airway Smooth Muscle Effect 

0211 This Example demonstrates a technique for directly 
delivering biologically active agents (i.e., acetylcholine, 
epinephrine, priscoline, Sodium bicarbonate and Sodium 
nitroprusside) into a patient's cardiopulmonary System, via 
the patient's pulmonary air passages. 
0212. Using previously developed perfluorochemical 
(PFC) ventilation techniques, similar to those disclosed in 
Shaffer, A Brief Review. Liquid Ventilation, and Wolfson, et 
al., A Experimental Approach for the Study of Cardiopul 
monary Physiology During Early Development, (see, notes 
3 and 35, respectively, of literature citations, infra), pulmo 
nary gas exchange and acid-base balance were maintained in 
anesthetized and tracheotomized young cats. 
0213 When testing the dose-dependency effect of the 
pulmonary administration of acetylcholine ACh), the effect 
after the administration of the drug (expressed as a percent 
age of the baseline), as a function of the concentration of the 
drug, was monitored. 
0214. Here, the ACh was dispersed in the PFC liquid 
medium. The initial amount of ACh dispersed in the PFC 
liquid was 0.01 mg per each kilogram of the laboratory 
animal's body weight. 
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0215. The PFC/ACh liquid medium was then introduced 
directly into the animals pulmonary air passages, via the 
endotracheal tube, during the inspiratory phase of PFC 
liquid ventilation. 
0216 Each of the animals tested had at least one of the 
following parameters recorded before, during and after the 
pulmonary administration of the drug: (a) heart rate (bpm), 
(b) mean arterial pressure (mm Hg), and (c) tracheal pres 
Sure (cm water). The averages for each of these recorded 
parameters were then calculated, depending upon the num 
ber of cats tested. These calculated values are plotted on the 
graph in FIG. 35. 
0217. In addition to the above, the following parameters 
were also monitored and/or controlled: tidal Volume, 
inspiratory and expiratory liquid flow rate, arterial chemis 
try, pulmonary compliance and resistance, and/or breathing 
frequency. 

0218. The dosage of ACh was then incrementally 
increased from 0.01 mg/kg up to 1.0 mg/kg. For each 
incremental increase, the animals tested had at least one of 
the aforementioned parameters recorded before and after the 
pulmonary administration of the drug. 
0219. Also for each incremental increase, the averages 
for each recorded parameter were calculated and plotted on 
the graph in FIG. 35. 
0220 Referring to FIG. 35, the data plotted therein 
demonstrates that, as a function of increasing the concen 
tration of ACh in the inspired PFC liquid, typical dose 
dependent cholinergic responses to ACh showed progressive 
decreases in mean arterial pressure (i.e., reflecting vasodi 
lation) and heart rate, and a progressive increase in the peak 
tracheal pressure (i.e., reflecting broncho-constriction). 
0221) Another way in which the effect of the pulmonary 
administration of ACh was tested was by monitoring carotid 
preSSure, as a function of time, before, during and after the 
pulmonary administration of the drug. Here, 0.6 mg/kg of 
Ach was dispersed in the PFC liquid medium. The PFC/ACh 
liquid medium was then introduced directly into the ani 
mal's pulmonary air passages, via the endotracheal tube, 
during the inspiratory phase of PFC liquid ventilation. 
0222. A tracing of the animal's carotid pressure, before, 
during and after the pulmonary administration of ACh, 
demonstrates, among other things, that (a) the carotid pres 
Sure decreased by about 40 mm Hg after the drug was 
administered; (b) the decrease in carotid pressure began 
almost instantaneously after the drug was administered; and 
(c) the total time necessary to decrease the carotid pressure 
by about 40 mm Hg was about 10 seconds. 
0223 Yet another way in which the effect of the pulmo 
nary administration of ACh was tested was by monitoring 
tracheal preSSure, as a function of time, before, during and 
after the pulmonary administration of the drug. 
0224. Here, 0.6 mg/kg of ACh was dispersed in the PFC 
liquid medium. The PFC/ACh liquid medium was then 
introduced directly into the animal's pulmonary air pas 
Sages, via the endotracheal tube, during the inspiratory phase 
of PFC liquid ventilation. 
0225. An observation of the animal's tracheal pressure, 
before, during and after the pulmonary administration of 
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ACh, demonstrates, among other things, that (a) the tracheal 
pressure (cm water) increased by about 6 mm Hg after the 
drug was administered; (b) the increase in tracheal pressure 
began almost instantaneously after the drug was adminis 
tered; and (c) the total time necessary to increase the tracheal 
pressure (cm water) by about 5 mm Hg was about 20 
Seconds. 

0226. When testing the dose-dependency effect of the 
pulmonary administration of epinephrine Epi, the effect 
after the administration of the drug (expressed as a percent 
age of the baseline), as a function of the concentration of the 
drug, was monitored. 
0227 Here, the Epi was dispersed in the PFC liquid 
medium. The initial amount of Epi dispersed in the PFC 
liquid was 0.01 mg Per each kilogram of the laboratory 
animal's body weight. 
0228. The PFC/Epi liquid medium was then introduced 
directly into the animals pulmonary air passages, via the 
endotracheal tube, during the inspiratory phase of PFC 
liquid ventilation. 
0229. Each of the animals tested had at least one of the 
following parameters recorded before and after the pulmo 
nary administration of the drug: (a) heart rate (bpm), (b) 
mean arterial pressure (mm Hg), and (c) tracheal pressure 
(cm water). The averages for each of these recorded param 
eters were then calculated, depending upon the number of 
cats tested. These calculated values are plotted on the graph 
in FIG. 36. 

0230. The dosage of Epi was then incrementally 
increased from 0.01 mg/kg up to 1.0 mg/kg. For each 
incremental increase, the animals tested had at least one of 
the aforementioned parameters recorded before and after the 
pulmonary administration of the drug. 
0231. Also for each incremental increase, the averages 
for each recorded parameter were calculated and plotted on 
the graph in FIG. 36. 
0232 Referring to FIG. 36, the data plotted therein 
demonstrates that, as a function of increasing the concen 
tration of Epi in the inspired PFC liquid, typical dose 
dependent Sympathomimetic responses to Epi showed 
increases in mean arterial pressure (i.e., reflecting vasocon 
Striction) and heart rate, and a decrease in peak tracheal 
pressure (i.e., reflecting bronchodilation). 
0233. Another way in which the effect of the pulmonary 
administration of Epi was tested was by monitoring the 
change in mean arterial pressure and heart rate resulting 
from drug delivery. 

0234. Here, 0.50 mg/kg of Epi was dispersed in the PFC 
liquid medium. The PFC/Epiliquid medium was then intro 
duced directly into the animal's pulmonary air passages, via 
the endotracheal tube, during the inspiratory phase of PFC 
liquid ventilation. 
0235 An observation of the animal's tracheal pressure, 
before, during and after the pulmonary administration of 
Epi, demonstrates, among other things, a 31% decrease after 
the drug was administered. Moreover, an observation of the 
animal's heart rate, before, during and after the pulmonary 
administration of Epi, demonstrates, among other things, a 
33% increase after the drug was administered. 
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0236 When testing the dose-dependency effect of the 
pulmonary administration of priscoline P, the effect after 
the administration of the drug (expressed as a percentage of 
the baseline), as a function of the concentration of the drug, 
was monitored. 

0237 Here, the P was dispersed in the PFC liquid 
medium. The initial amount of P dispersed in the PFC liquid 
was 4 mg. 

0238. The PFC/P liquid medium was then introduced 
directly into the animals pulmonary air passages, via the 
endotracheal tube, during the inspiratory phase of PFC 
liquid ventilation. 
0239 Each of the animals tested weighed approximately 
3 kg. Each of these test animals had at least one of the 
following parameters recorded before and after the pulmo 
nary administration of the drug: (a) heart rate (bpm), (b) 
mean arterial pressure (mm Hg), and (c) right ventricular 
preSSure. 

0240 The averages for each of the aforementioned 
recorded parameters were then calculated, depending upon 
the number of cats tested. These calculated values are 
plotted on the graph in FIG. 37. 
0241 The dosage of P was then incrementally increased 
from 4 mg up to 12 mg. For each incremental increase, the 
animals tested had at least one of the aforementioned 
parameters recorded before, during and after the pulmonary 
administration of the drug. 

0242 Also for each incremental increase, the averages 
for each recorded parameter were calculated and plotted on 
the graph in FIG. 37. 
0243 Referring to FIG. 37, the data plotted therein 
demonstrates that, as function of increasing the concentra 
tion of P in the inspired PFC liquid, typical dose-dependent 
responses to P showed decreases in mean arterial pressure 
(i.e., reflecting vasodilation) and right ventricular pressure 
(i.e., reflecting Systemic and pulmonary vasodilation). The 
heart rate remained fairly constant. 
0244 Another way in which the effect of the pulmonary 
administration of P was tested was by monitoring carotid 
preSSure, as a function of time, before, during and after the 
pulmonary administration of the drug. 
0245 Here, 12 mg of P was dispersed in the PFC liquid 
medium. The PFC/P liquid medium was then introduced 
directly into the animals pulmonary air passages, via the 
endotracheal tube, during the inspiratory phase of PFC 
liquid ventilation. 
0246 A tracing of the animal's carotid pressure, before, 
during and after the pulmonary administration of P, demon 
Strates, among other things, that (a) the carotid pressure 
decreased by about 30 mm Hg after the drug was adminis 
tered; (b) the decrease in carotid pressure began almost 
instantaneously after the drug was administered; and (c) the 
total time necessary to decrease the carotid preSSure by 
about 30 mm Hg was about 10 seconds. 
0247 When testing the absorption effect of the pulmo 
nary administration of sodium bicarbonate SBil, the con 
centration of SBi in the animal's blood, as a function of time, 
was monitored. 
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0248. Here, 10 mEq of SBi was dispersed in the PFC 
liquid medium. The PFC/SBi liquid medium was then 
introduced directly into the animal's pulmonary air pas 
Sages, via the endotracheal tube, during the inspiratory phase 
of PFC liquid ventilation. 
0249. An observation of the concentration of SBi present 
in the animal's blood (monitored as a function of mEq/L) 30 
and 120 seconds after the pulmonary administration of SBi, 
demonstrates, among other things, a respective 4.7% and 
20.9% absorption level. 
0250 When testing the physiological effect of the pull 
monary administration of sodium nitroprusside SNi), the 
physiological change in the animals arterial pressure and 
heart rate, after the administration of the drug, was moni 
tored. 

0251 Here, 6 mg/kg of SNi was dispersed in the PFC 
liquid medium. The PFC/SNi liquid medium was then 
introduced directly into the animal's pulmonary air pas 
Sages, via the endotracheal tube, during the inspiratory phase 
of PFC liquid ventilation. 
0252) An observation of the animals heart rate, before, 
during and after the pulmonary administration of SNi, 
demonstrates, among other things, that it did not signifi 
cantly change, increase after the drug was administered. 
Moreover, an observation of the animals arterial pressure, 
before, during and after the pulmonary administration of 
SNi, demonstrates, among other things, a 24% decrease after 
the drug was administered. 
0253) It was observed from the above that the pulmonary 
administration of drugs by liquid ventilation is an effective 
approach for directly delivering therapeutic agents to the 
pulmonary and/or Systemic Systems. 

Conclusions 

0254 The foregoing research was highlighted by the first 
in Vivo demonstrations of both acoustic and convective 
hyperthermia of the lung, here in a Suitably large animal 
model. Controlled and Sustained therapeutic temperatures 
were maintained with relatively few complications. These 
experiments, complemented by laboratory bench and in 
Vitro acoustic measurements with perfluorocarbon liquids, 
identified the important clinical requirements for liquid 
filled lung ultrasound and convection hyperthermia. Among 
these are a) lower ultrasound frequencies than traditionally 
used for Soft tissue heating are required, b) traditional 
bifurcated bronchial catheters are inadequate, mainly due to 
their thin-walled air cuffs and lack of temperature and 
pressure instrumentation, and c) the use of degassed per 
fluorocarbon liquids greatly facilitates the filling of lungs. 
Of tremendous practical Significance are the observations 
that d) diagnostic ultrasound imaging can be very helpful in 
assessing the lung filling and the acoustic path available, and 
e) invasive thermometry will likely not be required for the 
convection hyperthermia treatments. Additionally, the fun 
damental fluid and thermal design ranges appropriate to the 
ultrasound treatment, including the range of inflation pres 
Sures, temperatures and tidal Volumes, were determined. 
0255 Perfluorocarbon liquids have several unique prop 
erties. Measurable nonlinear acoustical behavior and Scat 
tering in the range of powerS Suitable to hyperthermia were 
found in laboratory and animal tests. While dictating the use 
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of lower ultrasound frequencies, these characteristics can be 
advantageous for Spatial Smoothing of near field beam 
patterns and may be able to be exploited for their potential 
to produce localized enhanced absorption with focused 
ultrasound beams. In addition, the high gas Solubility of 
perfluorocarbons should serve to Suppress acoustic cavita 
tion in the liquid by retarding rapid gas Saturation. 
0256 The salient design requirements for clinical devices 
for 1) fluid processing and delivery Systems Suitable for 
liquid-filled lung hyperthermia procedures, 2) intracavitary 
ultrasound applicators for broncho-tracheal tumors, and 3) 
low-frequency external ultrasound applicators were also 
determined. 

0257. In addition to the above, the foregoing research 
also demonstrates the operability and Significant utility of 
pulmonary administered therapeutic agents through a liquid 
lavage/ventilation process. 

EXAMPLE 13 

0258 Biomechanical uses of Pulmonary Liquids: The 
invention encompasses using liquids in the lung for their 
biomechanical effects, principally those resulting from their 
ability to uniformly occupy lung tissue in cases where gas 
cannot (e.g., where airways are collapsed or atalectic) and 
therefore exert pressure forces which are Safer and more 
evenly distributed than gas. Such pressure effects exerted by 
an incompressible fluid (again, which can be used simulta 
neously with ventilation, drug delivery or lavage) can be 
used to reposition, reshape (temporarily, or permanently if 
repeatedly applied), or control the motion of lung and 
Surrounding tissues and organs. Representative uses include: 

0259 1) Repositioning the lungs and abdominal 
organs in neonatal diaphragmatic hernia, a condition 
in which babies are sometimes born with the con 
tents of their abdominal cavity displaced well up into 
the chest, precluding efficient breathing and having 
other complications due to the organs being out of 
place. Liquid inflation of the lungs with Simulta 
neous ventilation provides a method of easing the 
lungs and Surrounding displaced tissues back into 
more normal locations, either with or without Simul 
taneous Surgery to help correct the problem. 

0260 2) Suppressing the motion of lungs for short 
times (either unilaterally, for a single lung, lobe or 
Segment, or bilaterally for both lungs) for various 
reasons. For example, to decrease motion artifacts in 
various diagnostic imaging modalities, in order to 
Still tissues for the placement of instruments, in order 
to hold the lung temporarily Still during short acting 
therapies, e.g., radiotherapy of lung tumors, etc. 

0261 3) Inflation of lungs for repairing pneumotho 
rax in which the air leak into the pleural Space is 
through the outer pleural membranes (i.e., not 
induced by leaks from the lung itself). This method 
may be Superior to using gas inflation of the lung 
(with or without applying a vacuum on the pleural 
Space) when the lung condition is not conducive to 
uniform expansion or inflation (e.g., from disease or 
injury). A combination of liquid inflation, followed 
by maintenance of constant pressure to hold the 
shape of the lung, with or without a vacuum applied 
to the pleural Space, could be used. 
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0262 4) Use of liquid pressure to “mechanically” 
(not pharmacologically) alter pulmonary blood per 
fusion (i.e., via hydrostatic pressure and pulmonary 
vascular resistance effects), for instance to alter the 
pulmonary delivery of drugs. For example, changing 
the gravitationally induced top-to-bottom perfusion 
gradient in the lung may promote more even (e.g., 
for liquids with densities close to blood) or simply a 
different and more desired distribution of its absorp 
tion over the lung volume. Notably, perfluorocarbon 
liquids are much denser than Saline (the liquid most 
used in physiology). 

EXAMPLE 1.4 

0263 Mechanical effects of Ultrasound: The invention 
also encompasses the use of ultrasound to produce localized 
mechanical (nonthermal) effects in liquid-filled pulmonary 
Spaces. Ultrasound beams can be focused or Scanned on 
portions of pulmonary tissue (intercostally, intracavitarily, 
or intraoperatively) to take advantage of nonthermal effects. 
By employing appropriate powers and frequencies (typically 
lower than those used for hyperthermia) ultrasound can be 
used to agitate and mechanically stir (through a phenomenon 
termed "acoustic streaming) local regions of the liquid in 
the pulmonary air spaces, liquid which is in intimate contact 
with lung tissue, and which may or may not be carrying 
drugs. These mechanical effects can, by inducing localized 
convective motion in the fluid (on a Scale varying from 
tracheal to alveolar characteristic dimensions), a) enhance 
drug transport in and to the lungs, b) improve the flushing of 
Substances out of the lung when using lavage, c) breakup 
“plugged regions of the airways by inducing high fre 
quency oscillations in the liquid and in movable Substances 
(e.g., mucus, proteinaceous fluids, inhaled particulates, etc.) 

EXAMPLE 1.5 

0264. Noncancer Hyperthermia: The invention also 
encompasses ultrasound hyperthermia (using all the ultra 
Sound methods and devices disclosed above for cancer) for 
nonlung cancer applications, for example, to a) produce 
localized drug action caused by higher local temperatures at 
desired locations, or b) to make fluid Substances which are 
blocking airways leSS Viscous through heating them, and 
thus enhance their removal, say through lavage, with or 
without mechanical effects of ultrasound being exploited. 
0265 While representative and preferred embodiments 
of the invention have been described and illustrated, it is to 
be understood that, within the Scope of the appended claims, 
various changes can be made therein. Hence, the invention 
can be practiced in ways other than those Specifically 
described herein. 
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What is claimed is: 

1. A hyperthermic treatment of lung cancer in a patient, 
comprising the Steps of: 

filling, temporarily, preselected pulmonary air passages 
adjoining pulmonary tissues comprising malignant 
cells, 

heating adjoining pulmonary tissues comprising the 
malignant cells to a temperature in the range from 
about 41 degrees Celsius to 50 degrees Celsius by 
transmitting ultrasound through the liquid-filled pull 
monary passages, wherein the frequency of the ultra 
Sound is varied in a manner designed to achieve a 
predetermined heating pattern, and thereafter removing 
the liquid medium from the pulmonary air passages of 
the patient. 

2. A hyperthermic treatment of lung cancer in a patient, 
comprising the Steps of: 

filling, temporarily, preselected pulmonary air passages 
adjoining pulmonary tissues comprising malignant 
cells, 

locating one or more transducers for emitting ultrasound 
in the intercostal spaces of the patient adjacent to the 
malignant cells, 

locating the malignant cells relative to the transducers by 
inflating or deflating the lung with which the malignant 
cells are associated, 
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heating adjoining pulmonary tissues comprising the 
malignant cells to a temperature in the range from 
about 41 degrees Celsius to 50 degrees Celcius by 
transmitting ultrasound through the liquid-filled pull 
monary passages, wherein the frequency of the ultra 
Sound is varied in a manner designed to achieve a 
predetermined heating pattern, and thereafter 

removing the liquid medium from the pulmonary air 
passages of the patient. 

3. A method for the delivery of a therapeutic or diagnostic 
biological agent to an airway Surface for control of airway 
Smooth muscle tissue, comprising the Steps of: 

combining Said therapeutic or diagnostic biological agent 
in the form of a solid or immiscible liquid with a 
perfluorochemical liquid carrier to provide a pharma 
ceutical preparation; and 

administering the pharmaceutical preparation to the air 
way Surface. 

4. An intercavitary transducer for directionally transmit 
ting ultrasound to the interior Surfaces of a bodily cavity, the 
transducer comprising: 

a thin-walled piezoelectric ceramic cylinder that is lon 
gitudinally and circumferentially Sectioned into first, 
Second, third and fourth power transducers, 

leads operably connected to the first, Second, third and 
fourth power transducers to Supply power to the trans 
ducers, 

wherein, the first and Second transducers each form a 
portion of the cylinder whose area is defined by about 
120 degrees of the cylinder and about half of the length 
of the cylinder and are angularly aligned along a 
longitudinal axis of the cylinder, and wherein the third 
and fourth transducers each form a portion of the 
cylinder whose area is defined by about 240 degrees of 
the cylinder and about half of the length of the cylinder 
and are angularly aligned along the longitudinal axis of 
the cylinder. 

5. An intercavitary transducer for directionally transmit 
ting ultrasound to the interior Surfaces of a bodily cavity, the 
transducer comprising: 

a piezoelectric ceramic transducer cylinder, 

a plurality of leads operably connected to the transducers 
to Supply power to the transducer, 

a thin walled Sac Surrounding the transducer that is filled 
with fluid capable of transferring ultrasound, wherein 
the thin walled Sac is positioned in contact with the 
surface of the bodily cavity to be transmitted onto, 
thereby creating a medium for directed transmission of 
ultrasound. 


