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THE EFFECTS OF AN IMMISCIBLE BINDER COMPONENT ON
THE RHEOLOGICAL AND MECHANICAL PROPERTIES CF
A COMPOSITE SOLID PROPELLANT (U)

#HENRY C. ALLEN and MARJORIE T, CUCKSEE
US ARMY MISSILE RESEARCH AND DEVELOPMENT COMMAND
REDSTONE ARSENAL, ALABAMA 35809

The Improved HAWK antiaircraft missile is powered by the M112
rocket motor, This motor operates in boost and sustain modes derived
from concentric booster and sustainer composite solid propellant grains
(Figure 1). The booster propellant is relatively fast burning to pro-
vide the thrust level necessary to accelerate the missile to intercept
velocity, while the sustainer propellant burns slowly over a much
longer time to maintain missile velocity and maneuverability during the
mission. The booster grain is fully bonded to the sustainer grain
which in turn is fully bonded to the steel motor case by means of an
adhesive case liner,

The chamber pressure of Improved HAWK motors during firing is
governed by the ratio of burning surface area to the area of the nozzle
throat. The internal perforation of the booster grain is shaped to a
predetermined surface area, If additional area is exposed to combus-
tion, an overpressure condition results which can burst the motor case.
Another type of aberration which can defeat the mission is that flame
may reach the steel case prematurely and burn a hole through it, caus-
ing the motor to lose thrust and become unstable in flight. A condi-
tion which can produce both of these malfunctions is that in which a

normally bonded propellant interface is unbonded.*

#The term "unbond' denotes acondition inwhich there is nobond where one
was intended, whether or not the intended bond ever existed. Theterm
"debond' denotes a condition where a bond existed but is nowbroken.
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The stresses which tend to debond the grains from one another or
from the liner are due to temperature variations in the motor envir-
onment coupled with coefficients of thermal expansion for the propel-
lants which are an order of magnitude greater than that of the steel
case. As the motor is cooled, strains are induced in the propellant
with concomitant stresses on the bond interfaces., If the stresses
exceed the bond strength, a debond occurs,

Several thousand Improved HAWK motors were produced without a
significant unbond problem. Then, rather abruptly, a substantial num-
ber of unbonded motors appeared in one production lot., Both booster-
sustainer and sustainer-liner unbonds were found, some of which were
extensive in area. Because prior production had not exhibited the
problem, it was assumed that a change had occurred in either motor
processing or propellant raw materials.

IDENTIFICATION OF THE ANOMALOUS MATERIAL

Tests made on propellants removed from unbonded motors showed
that sustainer propellant mechanical properties were significantly
different at low temperatures in comparison to prior production.
However booster propellant properties were normal; this isolated the
problem to the sustainer propellant., Two materials are used in the
sustainer propellant which are not components of the booster propel-
lant. One of these is a solid oxidizer (nitroguanidine) while the
other is a liquid polyester, poly-neopentyl glycol azelate (NPGA), a
component of the propellant binder., Preparation and testing of pro-
pellants containing various lots of these two components showed that
NPGA was responsible for the inferior properties found in propel-
lants from unbonded motors.

PROPELLANT COMPOSITION AND PROCESSING

HAWK sustainer propellant consists of solid oxidizer particles
imbedded in a rubbery polyurethane binder. The polyurethane binder
controls the structural properties of the propellant and serves as a
fuel during propellant combustion. Three hydroxy-functional liquid
polymers comprise the major constituents of the rubber precursor:
(1) a difunctional polyether (B2000), (2) a trifunctional polyether
(TP4040), and (3) the polyester NPGA which has been fcund to have an
effective functionality of 1.7. Isodecyl pelargonate is added to
facilitate processing and to plasticize the cured propellant. The
hydroxy-functional polymers are cured by reaction with hexamethylene
di-isocyanate (HDI) under catalysis by ferric acetyl acetonate to
form the polyurethane rubber,
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In propellant manufacture, the liquid polymers and isodecyl pel-
argonate are blended to form a submix. The powdered solid oxidizers
are then added until a homogeneous paste of high viscosity is formed.
HDI and cure catalyst are added to start the cure reaction and the
propellant is poured into rocket motor cases and test specimen con-
tainers before the cure reaction increases the viscosity beyond pro-
cessable limits. Cure is complete after several days at a temperature
of 48°C.

CHARACTERIZATION OF NPGA

Contacts with the NPGA manufacturer revealed that recent lots of
the polymer, beginning with the lot that went into unbonded motors,
were produced in a new facility. However, these lots met all speci-
fication requirements for use in HAWK motors (Table 1).

Samples of old and new lots of NPGA were characterized by gel per-
meation chromatography (GPC) to determine whether molecular weight
changes had resulted from the facilities switch. The results (Figure
2) showed that the average molecular weight of the new lot was signif-
icantly higher than that of the old lot and that the molecular weight
distribution was broader in the new lot, increasing the higher molecu-
lar weight fraction. However, the low molecular weight region which
contains most of the hydroxyl groups was not decreased,

The effective functionality of NPGA was determined by finding the
isocyanate/hydroxyl (NCO/OH) ratios required for incipient gelaticn
in a mixture of the binder polymers cured with HDI. The results
(Table 2) showed the new lot to have a significantly lower effective
functionality than the old,

The viscosities of the new and old lots of NPGA were measured at
25°C and 43°C; the ratios of viscosities at these temperatures were
compared as an indication of whether there was a difference in ctain
branching. It was found that the ratios were not significantly ¢if-
ferent (Table 2). This indicated that the higher molecular weight of
the new lot was due to chain extension rather than branching, which
was in agreement with the functionality data.

EFFECTS OF NPGA DIFFERENCES ON SOLUBILITY

The new lot of NPGA produced a decidedly cloudy submix indicating
incomplete solubility, Submix formulations were prepared with old and
new lots of NPGA and the quantities of the insoluble fractions were
determined by centrifuging samples in graduated tubes.
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In the submix formulation associated with the unbonded motors,
the new lot of NPGA produced an immiscible fraction equal to 39.8% of
the NPGA added. The old lot of NPGA in the same formulation gave an
immiscible fraction equal to 31.8% the NPGA added. Samples then were
prepared to the submix formulation associated with the old lot NPGA,
and the insoluble fraction of the old lot of NPGA amounted to 247 of
the NPGA added. Thus it became clear that factors other than NPGA vari-
ability were affecting its solubility.

The major difference between submix formulations associated with
the old and new lots of NPGA was in the relative amounts of TP4040
and B2000 in each formulation. TP4040, being trifunctional, strongly
influences the binder cross-link density and thus the modulus of the
propellant. Consequently, the amount of TP4040 is deliberately varied
with different lots of raw materials as a means of controlling pro-
pellant modulus within specified limits,

Submix samples were prepared with TP4040 contents ranging from
2% to 6% (based on propellant weight), and the insoluable fractions
of the old and new lots of NPGA were measured. The data are shown in
Figure 3. Two things were immediately obvious from these data: the
insoluble fraction differed for the old and new lots of NPGA at all
TP4040 levels; and the insoluble fraction for both lots was a strong
function of TP4040 content.

COMPOSITION OF THE INSOLUBLE FRACTION

The insoluble fraction from a submix sample made with the new lot
of NPGA was analyzed on the GPC. The results are given in Table 3
with comparative data for neat NPGA. It was seen that both the number
average and weight average molecular weights were much higher for the
insoluble fraction than for neat NPGA. This showed that the high
molecular weight fraction of NPGA was the immiscible fraction in the
submix and explained why the new lot of NPGA, with a larger high

molecular weight fraction (Figure 2), was less soluble than the old
lot.

The compositions of the insoluble fractions were determined
spectrophotometrically using samples of known composition for cali-
bration. The results are shown in Table 4; approximately two-thirds
of the insoluble fraction was found to be NPGA. Since the insoluble
fraction of the submix with the new lot amounted to 39.8% of the NPGA
added, and 69% of that fraction was NPGA, the amount of NPGA alone
not in solution in the submix was 27.5% of the quantity added. Simi-
lar treatment of the data for the old lot showed 21.3% of the quantity
added to be insoluble. These data reflect solubility of NPGA with
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2% TP4040 (propellant basis) in the submix, as was the case with the
new lot of NPGA. Taking into account that the submix formulation
associated with the old lot of NPGA contained 3.1% TP4040, reference
to Figure 3 and Table 4 shows that 16.1% of the old lot of NPGA was
insoluble as actually used. Thus the comparison of solubilities in
the actual production submixes reveals that 27.5% of the new lot of
NPGA was insoluble while only 16.1% of the old lot was not in
solution.

EFFECT OF IMMISCIBLE FRACTION ON PROPELLANT RHEOLOGY

A plausible cause for motor unbonds was that the uncured sustainer
propellant might not adequately wet the booster grain and chamber liner
during motor processing because of the immiscible material. Since the
quantity of the insoluble fraction of the submix was a function of
TP4040 content, a means was available to determine how the amount of
insoluble fraction affected uncured propellant flow characteristics.
Propellant mixes were made containing various amounts of TP4040., Visg=
cosity data were taken with a viscometer capable of applying a range
of shear stresses to the sample. Viscosities were measured at 43°C
immediately following a fixed mixing cycle. Measurements were made at
high and low shear stresses. The results are shown in Figure 4 for
propellants made with the new lot of NPGA.

The data showed that insoluble fractions amounting to less than
approximately 207 of the NPGA produced low propellant viscosities at
both levels of shear stress, The ratio of viscosities at the two shear
levels was small at this solubility, indicating near=-Newtonian flow
behavior. As the insoluble fraction was increased, the viscosity at
infinite shear increased only slightly, but the low shear viscosity
increased rapidly., The ratio of viscosities increased correspondingly,
indicating an increasing degree of thixotropy in the flow behavior.

The ratio of viscosities, which was 1.6 at an insoluble fraction of
18%, was 9.6 at a 40% insoluble fraction. Taking appropriate data from
Figures 3 and 4, a viscosity ratio of 1.7 is predicted for propellant
with old NPGA and 9.6 for propellant with the new lot. Control data
from production mixes agreed reasonably well with these findings, show-
ing a viscosity ratio of 1.7 for propellants made with the old lot of
NPGA, and 4.5 for propellant with the new lot.

EFFECT OF THE IMMISCIBLE FRACTION ON PROPELLANT
MECHANICAL PROPERTIES

Certain mechanical properties of the propellants are specified
control points for Improved HAWK motor production. One of these is
the initial modulus (Eo) at 25°C, which should be in the range from
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500 to 800 psi. The level of the trifunctional polymer TP4040 is the
primary means permitted for controlling this property. The amount of
TP4040 required with a given set of raw materials is determined exper-
imentally by preparing and testing a series of small mixes with dif-
ferent TP4040 contents,

The new lot of NPGA and other raw materials associated with it
in production required that 2% TP4040 be used in the sustainer pro-
pellant, which is the minimum amount permitted by the propellant spec-
ification. Even so, the modulus at 25°C was just under the maximum
limit, effectively preventing the use of more TP4040 to reduce the
insoluble submix fraction in production mixes.

Stress analysis of the Improved HAWK motor showed that the stresses
on the bonded interfaces were a function of propellant modulus. Modu-
lus and temperature are inversely related, so the greatest stresses
occur at the lowest temperatures. Indeed, motor unbonds were found only
after exposure to temperatures below -30°C. Mechanical property data
on sustainer propellants removed from dissected motors showed that the
new lot of NPGA and its associated raw materials had produced propel-
lant with significantly higher modulus at low temperature than the old
lot.

Experimental 6-kg propellant mixes were made with the old and new
lots of NPGA at TP4040 levels of 2.0%, 3.5%, and 5.0%. After cure,
the propellants were tested for mechanical properties at 25°C and
-40°C. Die-cut tensile specimens with a gauge length of 2.70 in. were
strained at a ratée of 2.0 in./min. The properties are listed in
Table 5; the moduli are shown graphically in Figure 5.

The most striking feature of the data is that the -40°C modulus
decreased with increasing TP4040 level, while the 25°C modulus
increased as expected. Inspection of the -40°C stress-strain curves
showed that the curve shape changed with TP4040 content (Figure 6).
This effect was attributed to the insoluble submix fraction, with the
-40°C modulus responding in a manner somewhat analogous to the vis-
cosity at low shear stress,

Another feature in the data was puzzling on first inspection:
the new lot of NPGA, with a lower effective functionality, gave higher
25°C moduli at all TP4040 levels than the old lot. This was explained
by the fact that the insoluble fraction was chiefly NPGA and B2000
with functionalities of 1.66 and 2.0, respectively. Removal of these
lower functionality materials through immiscibility increased the aver=-
age functionality of the remainder, thus increasing the 25°C modulus.
When the new, less soluble lot of NPGA was introduced, the 25°C modulus
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of the propellant increased. In response, the TP4040 level was reduced
to stay within the specified modulus range, which in turn further
decreased the solubility of the NPGA. Simultaneously, the -40°C modu-
lus increased markedly, placing heavy stresses on the bonded interfaces.

Discussion of the foregoing data with stress analysts led tec the
conclusion that it would be preferable to accept higher 25°C moduli
to reduce the -40°C moduli. Subsequently, the maximum modulus limit
at 25°C was raised from 800 to 1000 psi, permitting the use of 4%
TP4040. This greatly reduced the -40°C modulus, which increased the
bond safety margin calculated from the stress analysis. No unbonded
motors have been found among several hundred produced since this change
was incorporated,

PROCESS CHANGES TO ACHIEVE SOLUBILITY

Despite the success achieved through raising the TP4040 content
by waiving the 25°C modulus requirement, it remained very desirable to
eliminate all effects of an immiscible binder component on propellant
processing and mechanical properties. Because the motor is in produc=-
tion internationally, major changes to material specifications were
not considered as viable options. Only process changes were viewed as
acceptable approaches to increasing the solubility of NPGA,

A review of the chemical kinetics of the cure reactions suggested
that changing the order of certain reactions might be effective. NPGA
has primary hydroxyl groups which are far more reactive toward HDI
than the secondary hydroxyl groups of TP4040 and B2000. Therefore,
the first principle products of the submix-HDI reaction would be HDI-
capped NPGA and chain-extended NPGA, Because high-molecular weight
NPGA was shown to be the insoluble portion, any chain extension would
aggravate the problem. Therefore, mixtures which contain both NPGA
and HDI at their maximum concentrations should be avoided.

The approach to minimizing NPGA chain extension was to withhold
the NPGA from the mix until a substantial amount of reaction had
occurred between HDI and the other polymers. This reduced the amount
of difunctional HDI which would be available to chain extend the NPGA,
and simultaneously changed the solvent nature of the submix by intro-
ducing urethane linkages., Thus the NPGA, when added late, was intro-
duced into a different chemical environment than in the regular
procedure,

The technique of late NPGA addition had a pronounced effect on
propellant processing and mechanical properties. Propellant viscosity
at the end of the mix cycle was drastically reduced and thixotropy
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was essentially eliminated. Viscosity data are shown in Table 6 for
the same formulation made by the two processes, using the new lot of
NPGA. The very low viscosities resulting from late addition of NPGA
would be expected to eliminate the possibility of poor wetting by the
sustainer propellant, and provide a number of other processing advan-
tages as side benefits,

The effects of late NPGA addition on mechanical properties are
shown in Figures 7 through 10 as a function of temperature, Figure 7
shows that late addition greatly reduced the initial modulus of the
propellant across the temperature range., The 50% reduction at 25°C was
attributed to a reduction in average binder continuum functionality
resulting from greater solubility of the NPGA. This reduction in modu-~
lus is the desirable direction of change, because it would permit more
TP4040 to be used without exceeding the 25°C modulus limit. At =-40°C
the relative reduction in modulus was even greater than at 25°C, This
was interpreted to be a result of a smaller insoluble submix fraction,
As previously discussed, low temperature modulus is a determinant of
bond stresses; the low value resulting from late addition was decidedly
advantageous. Figure 8 shows the effect of late NPGA addition on pro-
pellant tensile strength. The reduction in tensile strength was the
expected result of the reduced modulus but the values remained well
above specification requirements, The response of tensile strength to
temperature was not significantly different for the two processing
techniques. Figure 9 shows the effect of late addition on the ratio of
tensile strength to modulus, In the investigation of motor unbonds this
property proved to be an indicator of the tendency of the propellant to
debond. It was seen that late NPGA addition markedly increased this
ratio over the temperature range of interest., Figure 10 shows the
effect of late addition on propellant strain capability, Again, a very
large difference was seen for the two processing techniques. A portion
of the increase resulting from late NPGA addition is attributed to the
reduction in modulus shown in Figure 7, However, the magnitude of the
difference was too great to attribute to this one factor. A large part
of the increase was thought to be due to improved binder properties
resulting from the NPGA being in solution. Late addition of NPGA is
being evaluated further in anticipation of incorporating this process
change into the production procedures for Improved HAWK motors,
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TABLE 1, SPECIFICATION FOR NPGA AND ANALYTICAL DATA
FOR OLD AND NEW LOTS

Specified

Characteristic Limits 0ld Lot New Lot
Water (%) 0.04 max imum 0.028 0.030
Hydroxyl No. 52.5 to 57.5 56.8 53.9
Acid No, 1.5 maximum 0.40 0.39
Tin (ppm) 50 max imum 5 5
Volatiles (%) 0.5 maximum 0.09 0.10
Refractive Index 1.466 to 1,468 1.46670 1.46670
Viscosity, 25°C (cps) 9000 to 14,000 12,100 12,400
Reactivity 400 to 2100 800 1100

TABLE 2., NPGA CHARACTERISTICS NOT INCLUDED
IN SPECIFICATION REQUIREMENTS

0ld New
NPGA NPGA
Number (average 1904 2080
molecular weight)
Weight (average 3369 3910
molecular weight)
Polydispersity 1.77 1.88
Effective Functionality 1.72 1.66
Viscosity at 25°C 2.80 2.84
Viscosity at 43°C

TABLE 3. GPC DATA FOR THE INSOLUBLE SUBMIX
FRACTION AND FOR NEAT NPGA (NEW LOT OF
NPGA, 6% TP4040 IN SUBMIX)

Insoluble Neat
Fraction NPGA
Number (average 3556 2080
molecular weight)
Weight (average 6643 3910
molecular weight)
Polydispersity 1.87 1.88
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TABLE 4. COMPOSITION OF THE INSOLUBLE SUBMIX
FRACTIONS (2% TP4040 IN SUBMIX)

Old New

NPGA NPGA
NPGA (7.) 67 69
Isodecyl pelargonate (7)) 16 15
TP4040 (%) 5 2
B2000 (%) 12 14
Weight (average 4605 4581

molecular weight)

Hydroxyl No, 30.4 32.4
Submix hydroxyl No, 39.0 39.9

TABLE 5, MECHANICAL PROPERTIES OF SUSTAINER
PROPELLANT AT VARIOUS TP4040 LEVELS

TP4040 0ld New

Temperature %) Property Lot Lot

25°C 2.0 Stress (psi) 142 118
Strain (%) 66.1 63.2

Modulus (psi) 680 800

25°C 3h5, Stress (psi) 154 138
Strain (%) 62.7 58.9

Modulus (psi) 820 910

255C 5.0 Stress (psi) 167 162
Strain (%) 56.6 52,6

Modulus (psi) 940 1060

-40°C 2.0 Stress (psi) 360 340
Strain (%) 78.3 75.4

Modulus (psi) 3560 5600

-40°C 3.5 Stress (psi) 415 391
Strain (%) 74.8 75.8

Modulus (psi) | 2890 3820

~40°C 5.0 Stress (psi) 450 452
Strain (%) 71.6 62.1

Modulus (psi) 2510 2840

TABLE 6., VISCOSITY DATA FOR PROPELLANT MIXES MADE
WITH REGULAR AND LATE ADDITION OF NPGA*

Viscosity (kilopoisc)
Shear Stress Regular Process Late Addition of NPGA
5000 dym:s/cm2 22 1.0
Infinite 4.8 0.6

*New lot of NPGA

10
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. STEEL MOTOR CASE

D ADHESIVE LINER
SUSTAINER PROPELLANT
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Figure 1, Schematic drawing of the forward end of the
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Figure 2, GPC analysis of old and new lots of NPGA.
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Figure 7, Effect of late NPGA addition on initial modulus.
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Figure 8, Effect of late NPGA addition on tensile strength,
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DRUG IN BIODEGRADABLE ARTIFICIAL PHOSPHOLIPID VESICLES (LIPOSOMES)(U)

*#CARL R. ALVING, M.D., LTC, MC
EDGAR A. STECK, Ph.D. AND WILLIAM L. HANSON, Ph.D
WALTER REED ARMY INSTITUTE OF RESEARCH,

WASHINGTON, D.C. 20012, AND COLLEGE OF VETERINARY MEDICINE,
THE UNIVERSITY OF GEORGIA, ATHENS, GA 30602

INTRODUCTION

Leishmania, which are hemoflagellate protozoa, are important
pathogenic intracellular parasites which cause diseases resulting
in cutaneous, mucocutaneous, or visceral (kala azar) manifestations.
The parasites reside chronically in phagocytes of the reticulo-
endothelial system (1-4). At least 12 million people are infected
with various forms of Leishmania (4). Leishmaniasis is highly
infectious and represents a significant potential military health
problem. Leishmania donovani was first demonstrated in smears taken
post-mortem from the spleen of an English soldier in 1900 in India
(2). Epidemics have occurred among soldiers fighting in the forest,
as in Paraguay in the Gran Chaco war (3). In recent years, armed
forces that have operated in endemic areas, such as Colombian Army,
the Israeli Army in the Sinai, and the U.S. Army in Panama, have had
high attack rates in certain units. The disease is endemic in the
Middle East, Africa, India, China, Asian USSR, Central and South
America, and other tropical and subtropical regions throughout the
world. The illness may be severe, lingering, and may be recurrent
despite therapy with antimonial compounds, the drugs of choice (1,4).

Treatment of leishmaniasis is hampered, and doses are limited,
by the serious toxicities of antimonials (1). We have developed a
novel approach to treatment of leishmaniasis which takes advantage
of the localization of the organism in phagocytic cells. Our tech-
nique consists of injection of liposomes containing antimonial drugs.
Liposomes are artificial, biodegradable membranes comprised of

17



*ALVING, STECK, and HANSON

lipids, including phospholipids and other lipids that can be obtained
from natural or synthetic sources (5,6). As shown schematically in
Fig. 1, the membranes are in the form of closed concentric spheres

Phospholipid
—+— (e.g., lecithin)
- Sterol
—1" l(e.g., cholesterol)
™~
- Charged
Amphiphile (e.g.,
dicetyl phosphate)
>
s

Figure 1. Schematic illustration of a liposome

Trapped Drug :
(e.g., meglumine
antimoniate)

separated by aqueous interspaces. Various drugs can be trapped in
the internal aqueous regions of the particles (7-10). Upon intra-
venous injection the liposomes automatically and rapidly (within
minutes) "home" to the same cells that contain the Leishmania,

namely the macrophages in the reticuloendothelial system (7-10). The
drug is gradually released in a high localized dose in the vicinity
of the parasite. 1In this paper we describe the effect of liposome-
encapsulated antimonial drug on the treatment of experimental leish-
maniasis in hamsters.

MATERIALS AND METHODS

Testing of suppressive effects of drugs in an experimental in-
fection was performed by a slight modification of previously publish-
ed methods (11,12). Yound 50-70 g golden hamsters (Mesocricetus
auratus) were injected intracardially with the Khartoum strain of
Leishmania donovani. Each injection contained 107 amastigotes ob-
tained from spleens of donor hamsters.

After either 3 days, 10 days, or 17 days post-inoculation of
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parasites, test drugs in three different dosage levels were admini-
stered intracardially daily, under "blind" experimental conditicnms,
for four consecutive days. Intracardial injections were used because
intravenous administration is not practical in hamsters, and intra-
muscular or intraperitoneal routes were not effective. Eight or nine
animals were used for each experimental group. One day after the
last treatment injection, all of the animals of each group were sacri-
ficed. The livers were removed, and the total numbers of parasites
per liver were determined from impression smears. Percent of para-
site suppression at each dosage level was calculated by comparison
to a parallel control group consisting of 6-8 infected, untreated
animals that had been injected intracardially with corresponding vol-
umes of normal saline.

Lipids were purchased from the following sources:
phosphatidyl choline (Sigma Chemical Co., St. Louis, MO); cholesterol
(Calbiochem, La Jolla, CA); dicetyl phosphate (K and K Laboratories,
Plainview, NY). Meglumine antimoniate (Glucantime R) was purchased
from Rhodia, Inc., New York, NY. Sodium stibogluconate (Pentostam R)
powder was generously supplied as a gift by Dr. R.A. Neal, Wellcome
Foundation Ltd., Beckenham, Kent, England.

Liposomes were prepared from a mixture of dipalmitoyl phospha-
tidylcholine (Sigma Chemical Co.), cholesterol (Calbiochem), and
dicetyl phosphate (K and K Laboratories) in molar ratios of 2/1.5/0.22.
The lipids, in chloroform, were dried in a pear—-shaped flask on a ro-
tary evaporator, followed by one hour under high vacuum in a desicca-
tor. A small amount of acid-washed 0.5 mm glass beads was added, and
followed by addition of a sufficient quantity of either 0.15 M NaCl or
0.308 M Meglumine Antimoniate (obtained from Rhodia, Inc. as Glucan-
time R) such that the phosphatidyl choline was 10 mM with respect to
the final aqueous dispersion. The liposomes were swollen by shaking
for two minutes on a Vortex mixer.

They were washed three times by diluting in 10 volumes of 0.154
M NaCl and centrifuging at 20,200g for 10 min at 220, The final pel-
let was suspended with sufficient 0.15 M NaCl so that the phospholipid
was about 10-80 mM with respect to the aqueous suspension. An aliquot
(0.4 ml) was shaken with 2.1 ml of water and 2.5 ml of chloroform to
disrupt the liposomes; the chloroform was washed twice with 2.5 ml of
water; and the combined aqueous phases were sent an analytical labora-
tory (Galbraith Laboratories Inc., Knoxville, TN) for quantitative
antimony analysis. The washed liposomes trapped ca. 2-11% of the anti-
monial drug present in the original swelling solution.
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RESULTS

Fig. 2 compares the efficacies of encapsulated and unencapsula-
ted meglumine antimoniate (Glucantime Ry in suppression of leishman-
iasis. It is evident that the encapsulated drug was superior to the
unencapsulated drug, or to liposomes alone. Calculations from the
data of Fig. 2, based on the amount of drug required to cause 50% sup-
pression, suggested that the liposome-encapsulated drug was approxi-
mately 350 times more effective than the drug alone.

100
90 A
LIPOSOME - ENCAFSULATED

80 - GLUCANTIME®
o 0
o —-
v 60 -
o
Ll
x 50 -
o
5
5 404
=0
o 30

] GLUCANTIME® aLoNE
20
——/
10 -
/ —44— LIPOSOMES ALONE (CONTROL)
T T T T T T T T T T T T T ﬁ'f fa“——ﬁ—
b2 3 4 5 8 7 8 9 10 11 12 I3 104

ANTIMONY INJECTED (mg/kgq)

Figure 2.

Suppression of Leishmanial Infection by Liposome-Encapsulated Anti-
monial Drug. The hamsters had been infected for 10 days prior to
treatment, and the indicated doses were administered daily for four
consecutive days. In the control the equivalent volumes of liposomes
swollen in normal saline were given instead of liposomes swollen in
antimonial.
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The data of Fig. 2 were obtained with animals whose treatment
had been initiated 10 days following infection. Table 1 shows that
the length of infection influenced the efficacy of therapy. Infec-
tions were compared that were 3, 10 or 17 days in duration before
starting therapy. The superior effectiveness of liposome-encapsulat-
ed meglumine antimoniate was greater in a long-term (17 day) infec-
tion that it was in shorter term (3 or 10 day) infections. It should
be noted that in Table 1 more than 100 times as much uncapsulated,
compared to encapsulated, drug was used.

TABLE 1. Influence of Length of Infection on Efficacy of Treatment

Time between infection
and start of treatment

(days):

3 10 17
Treatment Used #Suppression
Liposomes containing
Glucantime®
(1 mg/kg/day for 4 days) 99.8 82.8 61.3
GlucantimeR
alone
(104 mg/kg/day for 4 days) 99.8 63.7 18

Two different antimonial drugs, meglumine antimoniate (Glucan-
time R) and sodium stibogluconate (Pentostam Ry were compared in a
long-term (17 day) infection (Table 2). The doses required to pro-
duce 50% suppression (SD50) were determined. Under the conditions
used, the liposome-encapsulated drugs were enhanced 700-900 times
compared to the unencapsulated drugs (Table 2).

DISCUSSION

Prior to the introduction of currently used drugs, mortality in
visceral leishmaniasis was higher than 90%; now it is reported at a
still high level of 2-5% (3). The only drug available in the United
States for treating all forms of leishmaniasis is sodium stibogluco-
nate, and it has the status of an Investigational New Drug (IND) (1,
4). 1In the present study we demonstrate that encapsulation of sodium
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TABLE 2. Relative Efficacies of Two Liposome-Encapsulated, or Unen-
capsulated, Antimonial Drugs in Treatment of a 17 Day Leishmanial
Infection.?

Enhancement
Therapeutic Agent SDz Factor

GlucantiméR 175

Liposome-

Encapsulated 0.24 729
GlucantimeR

R

Pentostam 450
Liposome-

Encapsulated 0.52 865
PentostamR

a

The SDgp is defined as the amount of drug antimony (mg/kg/

day for 4 days) required to cause 50% parasite suppression.

The enhancement factor is the SDgp ratio of liposome-encapsula-

ted drug vs. unencapsulated drug. 1In this experiment, dimyrist-
oyl, rather than dipalmitoyl, phosphatidyl choline was used.

stibogluconate in liposomes resulted in approximately a 900-fold in-

creased efficacy compared to unencapsulated drug (Table 2). The
differences were more marked in long-term 'chronic" than in short-
term "acute'" infections (Table 1). Chronic iafections are the types

most likely to be encountered in patients at the time of therapy.
Meglumine antimoniate is widely used in other countries (1,4), and
its effectiveness also was greatly enhanced (more than 700-fold) by
encapsulation in liposomes (Table 2).

Antimonial agents are the drugs of choice in leishmaniasis, and
in case of treatment failure another toxic drug, amphotericin B, often
is used as a last resort (1,4). Antimony belongs to the same perio-
dic group as arsenic, and toxicities, particularly to the heart, kid-
neys and liver are similar to those of arsenicals (1,13). Although
the pentavalent antimonials, such as meglumine antimoniate and sodium
stibogluconate, are a great improvement over trivalents, the pentava-
lents still are highly toxic, particularly in high or prolonged dos-
age, or in undernourished individuals (1). The doses of antimonials
that can be given to patients are limited by potential toxicity, and
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the ratio of (effective dose/toxic dose) is not very high. Although
we do not have definitive evidence yet, we anticipate that encapsula-
tion of antimonial drug in liposomes, and rapid uptake of liposome by
reticuloendothelial cells, will minimize systemic toxic antimonial
effects, especially those due to acute cardiomyopathy and toxic nephri-
tis. Toxicity also may be minimal because, based on our animal model,
less than 0.15% of an ordinary therapeutic dose may be used for equi-
valent results. In the doses approved for clinical use (for example,
under the conditions of the IND for sodium stibogluconate) treatment
failures are common. Because of the greatly enhanced efficacy of
liposome-encapsulated drugs, it may be possible to overcome the pro-
blem of treatment failure by raising the dosage without increasing
the risk of severe toxicity.

SUMMARY

We describe a novel technique for treating leishmaniasis by en-—
capsulation of antimonial drugs in liposomes. The liposomes travel
in the bloodstream to the same cells in which the Leishmania organism
lives, namely the phagocytes of the reticulothelial system in the
liver and spleen. The systemic toxicities of the antimonial agents,
which ordinarily are substantial, presumably would be minimizec by
encapsulation in liposomes and by rapid uptake of liposomes by phago-
cytes. In an animal model, consisting of experimental visceral leish
maniasis in hamsters, we found that liposome-encapsulated antimonials
were 350 - 900 times more effective than unencapsulated drugs in sup-
pressing the infection.
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INTRODUCTION

A wide variety of semiconductor devices utilizing gallium ar-
senide (GaAs) are currently under development by the Army for use in
secure communication and improved surveillance systems. GaAs is a
semiconductor material characterized by a very high electron mobility,
a direct band gap of 1.43 eV, and a high intrinsic resistivity
(v 10° ohm-cm). The low field mobility of electrons in GaAs is one
of its greatest 'attributes and offers high frequency operation in de-
vices such as the field effect transistor (FET). The GaAs FET, a
critical component in emerging military systems, is experiencing a
rapidly expanding use in oscillator, mixer, logic element, power am-
plification, and low noise/high gain applications. This device threat-
ens to replace virtually all low noise traveling wave tubes at frequen-
cies from 4 to 30 GHz; is an attractive substitute for difficult to
manufacture devices such as Gunn diodes for 4 to 8 GHz operation; and,
monolithically fabricated as logic gates, can function at speeds to
10 GHz. 1In general then, GaAs FET's will eventually replace device
configurations of more complex circuitry. However, its full potential
has not been realized, largely due to the chronic material problems
experienced by device manufacturers.

It is commonly held that the quality of semi-insulating sub-
strates available to GaAs FET manufacturers is one of the major bar-
riers to achieving high performance and reliable devices (1). Recent
studies relating substrate quality to device performance stress that
the principal problem appears to be the outdiffusion of acceptors
such as chromium (added for compensation) or those caused by point
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defects in the crystal lattice. In order to prevent this diffusion,
one must either grow a buffer layer or reduce the acceptor impurity
levels contained in the starting materials and/or resulting from the
growth process. Also, the formation of crystal dislocations and va-
cancies must be minimized during the growth of the GaAs boule. These
material problems directly manifest themselves in the GaAs FET's elec-
trical parameters and reliability, particularly its drift in gain
characteristics. Not only do the devices exhibit both short- and long-
term drift, but each device appears to have its own unique drift sig-
nature. This drift phenomena seems to be caused by two mechanisms;
surface depletion effects, and electrically active impurities and

traps at the interface between the substrate and the active device
layer. The solution to -problems associated with impurities, vacancies,
and traps within the semi-insulating substrates is the major objective
of this research effort.

CRYSTAL GROWTH

Gallium arsenide, a III-V compound semiconductor, has the zinc
blendestructure consisting of two interpenetrating face centered cubic
(fcec) sublattices. One fcc sublattice describes the positien of the
Ga atoms and the other, As atoms. The technology involved in the
growth of GaAs is considerably more complicated than that employed for
silicon. In the case of GaAs, one is dealing with more complicated
binary phase equilibria and a highly volatile component, arsenic.
Exact stoichiometry of the GaAs compound must be maintained during the
growth process in order to achieve high mobility and crystal perfec-—
tion. This requires precise control of the arsenic vapor pressure in
the chosen growth system. The bulk compound is normally formed by
the reaction of arsenic vapor with Ga metal at elevated temperatures
in sealed quartz ampoules as shown in Figure 1. Typically, an As
reservoir contained at one end of the ampoule is heated to 600 C. This
generates approximately 1 atm of arsenic pressure in the system, a
prerequisite for maintaining the stoichiometry of a GaAs melt (2).

The arsenic vapor is reacted with gallium metal (v 1260 C) contained
in a quartz or pyrolytic boron nitride boat located at the other end
of the ampoule. After the Ga has been completely reacted, single-
crystal growth may be initiated by programmed cooling (gradient freeze)
or by physically moving the ampoule (horizontal Bridgman) through
proper temperature gradients. This indirect approach for the com-
pounding and growth of GaAs is used because of the high vapor pressure
of As at its melting point and at the melting point of GaAs, Vv 20 atm
at 817 C, and v 60 atm at 1238 C, respectively.

Another approach to the growth of bulk GaAs, which is gaining
favor, is the liquid encapsulated Czochralski technique (LEC CZ)
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Figure 1. GaAs compounding furnace and temperature profile.
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shown in Figure 2. In this method, the vaporization rate of arsenic
from molten GaAs is reduced by placing a molten layer of a nonreactive
encapsulant (boron oxide) on the melt surface. An inert gas pressure,
which is higher than the vapor pressure of the melt, is then maintained
over the molten boron oxide layer. A rotating seed crystal contacting
the molten GaAs is then slowly withdrawn through the liquid encapsulant
while the temperature is regulated to obtain the desired diameter crys-
tal. Although this method has the advantages of being able to prepare
large diameter crystals in a relatively short period of time, a major
drawback is the fact that the GaAs feed material must be compounded in
quartz ampoules. This two-stage process has an inherently higher re-
sidual donor concentration relative to gradient freeze or horizontal
Bridgman grown GaAs due to the increased handling. A one-step process
would be of great importance to microwave device manufacturers in that
higher purity, large diameter substrates could be more economically
produced.

The use of quartz as a container for As, Ga, and molten GaAs, and
as a reaction vessel can lead to appreciable silicon contamination (3).
Since silicon can act as a shallow donor or acceptor in GaAs (4), in-
corporation of a very small amount can preclude one from obtaining
highh resistivity material. Various schemes have been used to reduce
the dissociation of the quartz components in order to suppress silicon
contamination. These include pyrolytic boron nitride liners (5),
deliberate introduction of oxygen (6), and addition of gallium oxide
(7). All schemes in use still add impurities which detrimentally
affect mobility, resistivity, thermal conductivity, and crystal per-
fection. Chrome, a midgap acceptor, is normally added to compensate
shallow donors in GaAs, thereby making it semi-insulating (>108 ohm-cm).
There are, however, drawbacks to its use. If the GaAs material has
too many shallow donors (> 5x1016/cm3), not enough chrome can be added
to compensate the carriers because of its small distribution coeffi-
cient in GaAs (Vv 1074).

The addition of a large amount of chrome to the melt can cause
formation of precipitates in the growing crystal (8). Also during
epitaxial processing and device operation, chrome has been observed to
migrate to the substrate/epi-layer interface and act as a charge trap
(9). The in-situ compounding and subsequent crystal growth of semi-
insulating GaAs,which we describe in this article, is a one-step proc-
ess which completely eliminates, for the first time, all dependence on
quartz components. This approach will lead to reduced silicon and
oxygen impurity levels and thus reduce or eliminate the present levels
of chrome doping required for compensation.
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The technique which we have developed for the growth of high pur-
ity semi-insulating GaAs consists of reacting elemental gallium and
arsenic under a molten encapsulant. The charge was contained in pyro-
lytic boron nitride crucibles at nitrogen pressures to 100 atm. A
specially designed high pressure Czochralski crystal pulling system
was used for maintaining the high pressure nitrogen gas ambient and
for growth of the bulk GaAs single crystals (Figure 3). This system
contains provision for the following: rotation of the crystal and/or
crucible; raising and lowering of the crystal and/or crucible; remote
control of temperature, gas flow pulling and rotation rates; TV process
monitoring; cryo fore-pumping; vac-ion pumping to 10~ torr; hydraulic
lifting of the chamber; and is designed for operation at pressures to
135 atm with neutral, oxidizing or reducing ambients. Other facilities
have been installed to support this system with high-purity water,
high-purity high-pressure nitrogen gas, vacuum drying, and a dust-free
fume hood with rinse tanks.

The in-situ compounding and LEC CZ crystal growth of GaAs was
carried out in the following manner. Stoichiometric quantities of
high-purity gallium (Aluisse 99.9999%%) and arsenic (Canyonlands 2lst
Century) up to a total of 400 grams were weighed and placed in pyroly-
tic boron nitride (PBN) crucibles approximately 5 cm in diameter. The
PBN crucibles were cleaned prior to loading by etching in a 1:1 solu-
tion of electronic grade HCl and de-ionized water for 10 minutes.
After etching, the crucibles were rinsed with de-ionized water, meth-~
anol, and vacuum dried overnight at 200 C. The crucibles after being
loaded were placed in carbon coated graphite or tantalum susceptors
located inside the Czochralski pulling chamber. A 450-kHz radio fre-
quency induction unit was used for heating. A dehydrated pellet of
boron oxide encapsulant (Yamanaka Chemical Ind. Ltd.),weighing approx-
imately 30 grams and 3.5 to 4.8 cm in diameter,was placed on top of
the charge as shown in Figure 4. When molten, this pellet provided
an encapsulant depth of approximately 1.2 cm.

The moisture content of the boron oxide encapsulant has been
found to be critically related to the growth of high quality, twin-
free single crystals of GaAs. If the boron oxide contains an excessive
amount of moisture, many bubbles are continuously formed by the reac-
tion of this moisture with the GaAs melt. These bubbles form at the
GaAs melt/liquid encapsulant interface and subsequently rise to the
surface releasing arsenic. These bubbles can promote twinning of the
crystals and lead to nonstoichiometric arsenic deficient GaAs. Al-
though the pellets of boron oxide appear completely dehydrated, they
still contained a considerable amount of moisture, and use as received
was unsatisfactory. An oil-free, high-vacuum baking system was con-
structed to further dehydrate the pellets. Heating the boron oxide
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to 1,000 C at 10~/ torr in induction heated platinum/gold crucibles
was found to give very satisfactory results. After cooling to rcom
temperature, the pellets were quickly removed and placed on top cf the
charge in the pulling chamber.

After the growth station was established (susceptor, crucible,
gallium, arsenic, boron oxide, etc.) and the chamber_closed, the system
was evacuated to 1072 torr by a cryopump and to 10 - torr by a vac-ion
pump. The system was then slowly heated to 325 C to remove any resi-
dual moisture and to vaporize arsenic oxides. If the temperature ex-
ceeded 325 C, significant amounts of arsenic were found to have been
lost by volatilization prior to compounding. After several hours, the
system was then backfilled with high purity nitrogen gas to 3.3 atm
and the temperature increased to 450 C. During this step, the boron
oxide was melted and flowed into the voids. The high purity nitrogen
gas used in these runs was obtained by vaporizing liquid nitrogen at
3.3 atm and then charging storage tanks at 100 atm with an oil-free,
high-pressure booster pump. After the boron oxide was completely
melted, the nitrogen gas pressure in the pulling chamber was increased
to the pressure to be used during GaAs compounding. This was varied
from 40 to 80 atm and was found to greatly influence the yield of
usable GaAs. At 40 atm, a GaAs yield of 90% was obtained with the
remaining arsenic lost from the crucible. At 80 atm nitrogen over-
pressure, a GaAs yield of 997 was obtained. . The reaction could be
directly observed with a built-in TV monitor and also by a rapid tem-
perature rise when approaching 700 C. This achievement represents
the first time GaAs has been synthesized in a silica-and carben-free
environment and, therefore, should exhibit very low levels of oxygen
contamination. Samples are being analyzed to ascertain the levels of
these trace impurities and oxygen.

Single crystals of GaAs were grown from the in-situ compounded
material directly after synthesis by the LEC CZ technique as previously
shown in Figure 2. All crystals were grown in the <111> B direction
(arsenic face towards the melt). Seed material was obtained from
Laser Diodes, Inc. Nitrogen ambient gas pressures were used from 1.3
to 7.7 atm absolute during LEC CZ growth. At pressures to approxi-
mately 2 atm, a significant amount of arsenic was being lost and
severe thermal etching of the crystal's surface was observed. When
the pressure was increased to 2.3 atm and above, the arsenic loss was
seen to significantly decrease. At nitrogen overpressures of 3 atm
and above, thermal etching (arsenic loss from the crystal's surface)
was considerably reduced.

Growth rates were generally between 1 to 1.5 cm per hour. Both
concurrent and countercurrent rotation of crucible and crystal were
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used at rates of 5 and 15 rpm respectively. The rotation direction
of the crystal and crucible seemed to have a direct bearing on the

shape of the melt/crystal interface, concurrent rotation producing a
more convex interface.

ELECTRICAL MEASUREMENTS

The measurements of resistivity, mobility and Hall coefficient
were performed by using the van der Pauw method (11) with ar automated
dc system (Figure 5). The van der Pauw technique is unique in that it
requires only four contacts located anywhere on the periphery of a
uniformly thick sample of arbitrary shape. However, the gain realized
by reduced sample contacting and geometrical constraints is offset by
the necessity that current and voltage leads be interchanged between
different pairs of contacts. Various sample configurations have been
devised to minimize the requirement that the electrical contacts be
of a finite size and located at the sample's circumference (12). 1In
this work, the conventional "clover-shaped' sample geometry was re-
placed by a "Greek-cross' structure which has been shown to be a valid
van der Pauw configuration provided the arm length is equal to or
greater than the arm width (13).

The resistivity, p, in ohm-cm is given by

Tt (RAB,CD it RBC,DA> -

) 2 F [1]
Vv Vv
AB BC -
where R =—, R = — LZ]
AB,CD ICD BC,DA IDA

in units of ohms, t is the sample thickness in centimeters and F is

the van der Pauw factor which is a dimensionless quantity dependent

only upon the ratio of RAB,CD/RBC,DA and is defined by the transcen-
dental equation

1
1

<1n2 Ra8,0c’Rac,pa ~ >_ 1 1n2/F [3]
cosh = E—e =

B RAB,CD/RBC,DA +

The Hall mobility, M, in square centimer per volt second is given by

. B B
U= 10 55 BRyc mp [4]

where B is the applied magnetic field in gauss and ARAC,BD is the
change in resistance when the magnetic field is applied perpendicular
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to the sample. The carrier density, n, in cm~3 is calculated from o,
U, and the electronic charge, q, in coulombs, using

n = 1/pqu [5]
while the Hall coefficient, RH’ in cm3/coulomb is found from
RH = 1/nq = pu [6]

The interchanging of current and voltage leads, reversing of the
direction of current flow and calculation of parameters expressed by
Egs. |}—6J are accomplished by an automated dc system as shown in
Figure 5. The scanner, under control of the programmable calculator,
sequentially connects and switches the appropriate current and voltage
leads from the sample to the current source and digital voltmeter.
Measurements of voltage and current are made under forward and reverse
current flow. The resistances given by Eq. [2J and contained in Eq.
[ﬁJ are then determined by the programmable calculator. Knowing the
ratio of RAB,cD to Rpc,pAs & relaxation method incorporating an inter-
active procedure to obtain successive approximations to the first de-
rivative of Eq. [}] is utilized by the programmable calculator to de-
termine the van der Pauw factor, F. Having determined F, the calcula-
tions of p, W, n and Ry proceed with results being tabulated by the
output printer. Measurements at both 77 K and 300 K are performed in
this manner. For the Hall parameters a dc magnetic field of 5 to 10
kG is applied in both directions.

The "Greek-cross'" structure is fabricated by mounting the GaAs
substrates on a glass microscope slide, covering the material with a
metal mask with subsequent removal of excess material by careful sand-
blasting. Electrical contacts are made by alloying small indium pel-
lets at 350 C in a forming gas atmosphere by use of a '"Penzac' type
furnace.

SUMMARY

The gallium arsenide field effect transistor, a critical component
in a wide variety of military communication and surveillance systems,
has not achieved its full potential in part due to poor and unpredict-
able quality semi-insulating substrates. Trace impurities such as
silicon, carbon, and oxygen, incorporated during compounding and subse-
quent crystal growth are believed to be the major causes of the sub-
strate problem. A new modification of the liquid encapsulated
Czochralski crystal growth process has been developed which employs
in-situ compounding of GaAs from its elements at ambient gas pressures
to 80 atm. This approach represents the first time GaAs has been
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synthesized and subsequently grown by a one-step process in a silicon-
and carbon-free environment. This technique, employing high-purity
gas ambients, and oil-free, high-vacuum bake-outs of the starting mate-
rials, should lead to the lowest background levels of oxygen, silicon,
and carbon obtainable in semi-insulating GaAs grown by the liquid en-
capsulated Czochralski process. Also, the present requirement for
chrome compensation should be reduced or eliminated, dislocation den-
sities decreased, substrate properties made reproducible, and the
thermal conductivity improved. Preliminary data on the first GaAs
boules grown by this in-situ compounding approach indicates high
resistivity material is consistently being grown (> 10° ohm-cm) without
intentional compensation.
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Extensive thermal injury is one of the most severe stresses eXx-
perienced by individuals in contemporary society. Metabolic, circula-
tory, and thermoregulatory alterations characterize the major compensa-
tory adjustments following injury and, to a large extent, determine
the survival potential of the patient. The initial response to injury,
termed "burn shock," usually lasts 24-48 hours and is associated with
a marked depression in the patient's metabolic rate, body temperature,
and circulation. Following successful resuscitation, the patient grad-
ually becomes hypermetabolic and febrile. These increases in body tem-
perature and metabolism vary with the extent of injury, reach a peak
within the first two weeks, and then slowly return to normal with wound
coverage and healing. Since these metabolic and thermoregulatory ad-
justments have been well documented by Wilmore and colleagues (1-4),
the intent of these experiments is to characterize the associated car-
diovascular changes which occur with thermal injury. Particular em-
phasis is placed on wound blood flow to include factors involved in its
regulation, and the impact of wound perfusion on the total circulatory
status of the burn patient.

Acute loss of blood volume precipitates the initial burn shock
phase of injury (5). During this phase, the patient becomes hypoten-—
sive and cardiac output drops below normal. With volume expansion and
increased total peripheral resistance, blood pressure returns toward
normal, and cardiac output begins to recover. After 24-48 hours, blood
pressure stabilizes at a normal level but cardiac output continues to
climb, associated with a progressive increase in plasma volume and de-
creasing peripheral resistance. The extent of this rise in total body
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circulation is generally related to the size of the surface wound and
may reach levels 2-3 times normal in the more extensively injured pa-
tients. The magnitude of this circulatory response is best appreci-
ated in the sleeping patient when the level of activity reflects the
minimal requirements for life. Typically, a patient with a 50% total
body surface wound will, in this basal state, maintain a heart rate
of 120-140/min and a cardiac index in excess of 7 L/m“ min (6). For
normal uninjured persons to generate comparable levels of total body
blood flow, they would have to work at roughly one half of their
aerobic capacity. For most people, this would correspond to a good
brisk jog. While the well trained athlete may do this amount of exer-
cise for several hours each day, the burn patient must sustain this
hyperdynamic circulation for at least several weeks. The exact time
course of this circulatory response to thermal injury has not been
well defined but presumably follows a course similar to metabolism
and body temperature and returns toward normal with wound healing.

Gump and associates (7), in 1970, were the first to partition
this extra blood flow. They noted that, as in exercise, the resting
cardiac index of burn patients was linearly related to oxygen con-
sumption but, at every level of aerobic metabolism, burn patients had
higher cardiac outputs than other febrile surgical patients. They al-
so found that splanchnic blood flow in three severely burned patients
was slightly increased but represented a smaller portion of the car-
diac output than it did in normals or patients with postoperative in-
fection. From this, they concluded that a large portion of the in-
creased cardiac output of burn patients was directed to the periphery.

Later, Wilmore, et al (3), provided additional indirect evi-
dence to suggest that most ot the extra peripheral circulation was
directed to the body surface. They found that burn patients main-
tained above-normal surface temperatures despite increased evapora-
tive cooling of the wound and concluded that this elevated skin
temperature could be the result of increased superficial blood flow.
Additional support for this thesis was provided by demonstrating that
the coefficient of core-to-skin heat conductance, an index of skin
blood flow, was twice normal in burned patients. Although these in-
direct measurements did suggest an increase in superficial blood flow
in burn patients, the influence of the burn wound on the distribution
of this elevated peripheral blood flow remained unknown. To address
this problem, a series of studies were designed to measure peripheral
blood flow in injured and uninjured limbs of burn patients and to
partition this flow into that directed to the burn wound, normal skin,
and resting skeletal muscle of the limbs.
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MATERIALS AND METHODS

Subjects

Over 60 thermally injured patients were studied. The size of
injury ranged from 3-867% of the total body surface. Patients selacted
for study were 1) from 15 to 55 years of age and free of any disease
prior to injury; 2) normotensive and hemodynamically stable after an
uneventful resuscitation; 3) in a normal state of hydration with a
hematocrit greater than 33, and without abnormalities in serum elec-
trolyte concentration, osmolality, or pH; 4) free of systemic infec-
tion as determined by clinical symptoms and signs and daily blood
cultures; 5) 6-27 days postinjury, after removal of the eschar, and
before significant healing had occurred.

The wounds were treated by a variety of techniques. Most pa-
tients were treated by the exposure method and received topical ap-
plications of a silver sulfadiazine cream (Silvadene cream) to the
injured surface, but several patients were treated with 117 mafenide
acetate topical antibiotic (Sulfamylon cream). Some wounds were
covered with dressings soaked in saline, 5% mafenide-saturated dres-
sings, or 0.5% silver nitrage; two were treated with cutaneous allo-
graft biological dressings. Although the effects of these treatments
on limb blood flow are unknown, they do involve considerable manipu-
lation of the patient, often resulting in discomfort. Therefore, to
insure that each ,subject was well rested for the study, such proce-
dures were minimized for at least 8 hours prior to the study.

Study Design

Two basic studies were performed. In the first, total limb
blood flow was measured by a specially designed venous occlusion
plethysmograph. 1In the second study, resting skeletal muscle blood
flow was determined by a standard clearance technique.

The experiments designed to measure leg blood flow took place
in an environmental chamber described previously (3). Room tempera-
ture was maintained at 30°C, and relative humidity ranged between 40
and 50%. Control subjects were studied in shorts or shorts and halter,
and patients were similarly draped with light cotton towels. The post-
absorptive subject was moved to the study room in the early morning
and placed in bed. Water was given on request and, in some patients,
intravenous infusion of 0.04 M sodium chloride solution was maintained
to insure normal hydration. Nine copper-constantan thermocouples were
attached to the skin at the same sites for all subjects (dorsum of
foot, lateral and posterior calf, posterior and anterior thigh, dorsum
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of hand, forearm, abdomen, and low back). Leg skin temperatures were
monitored from both legs, using five additional thermocouples, in pa-
tients with asymmetric leg burns. In those patients treated in dres-
sings, the thermocouples were placed on the wound under the dressing.
A rectal probe was inserted to a depth of 10 cm from the external
anal sphincter. Rectal and total body mean skin temperatures were
monitored at 5-minute intervals throughout the study to insure that
subsequent manipulation of the subject had no appreciable effect on
body temperature.

After the subject had rested quietly for at least one hour,
the steady-state mean leg skin temperature was determined for the
left leg, and the thermocouples were removed. This leg was then in-
serted into a soft pliable, water-impermeable boot and placed in a
full-length plethysmograph. Water was added to the plethysmograph at
a temperature equal to the predetermined mean leg skin temperature
and maintained at this temperature throughout a 30-minute equilibra-
tion period and the following 8-10 blood flow measurements. Setting
water temperature equal to that of the leg surface when exposed to
the air maintained comparable rates of heat exchange across the limbs
while in the plethysmograph and prevented either transient or pro-
longed changes in body temperature during leg blood flow measurements.
A 2- to 3-minute interval separated the blood flow determinations.

The validity (8), simplicity, and noninvasive character of
venous occlusion plethysmography make this the optimal approach to the
study of peripheral blood flow in critically injured patients. The
plethysmograph used in this study, a rigid, rectangular box made of
clear plexiglass, is illustrated in Fig. 1. To facilitate its use in
injured limbs, it can be disassembled into three sections, a thigh
plate and attached boot, a trough section with mesh sling to support
the leg, and a full length top. The patient's leg was slipped through
a tailor made opening in the thigh plate and into a large loose fit-
ting, polyvinyl boot. The boot served to form a freely expandable,
watertight seal between the limb and the plethysmograph, preventing
fluid exchange across the burn wound and minimizing contamination. The
boot and thigh plate were advanced to the proximal thigh and the leg
placed in the mesh sling of the plethysmograph. The three sections of
the plethysmograph were then locked together and the box filled with
water equal to the mean skin temperature of the leg under study.

Venous occlusion was accomplished by rapid inflation of a 10

centimeter wide tourniquet cuff placed as high on the upper thigh as
possible. Occlusion pressure was varied for each subject to obtain a
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maximal rate of limb swelling. With venous occlusion, the limb
swells, and the change in limb volume causes water to rise in a chim-
ney located on top of the plethysmograph. The increase in column
hydrostatic pressure is converted to an electrical signal, amplifZed
and recorded.

The plethysmograph was calibrated periodically with the leg
in place. The volume of the 1limb within the plethysmograph was de-
termined by subtracting the volume of water in the plethysmograph
from its known capacity. The eight to 10 flow measurements were
averaged and leg blood flow expressed in ml/100 ml leg volume per
minute.

In a separate set of experiments, resting skeletal muscle
blood flow was determined in 10 burn patients (mean burn size = 42.57
total body surface, range 25.5-82%). The criteria for patient selec-
tion were the same as described earlier. All subjects were confined
to bed for a minimum of one hour prior to muscle blood flow measure-
ments. The actual studies took place in the Nuclear Medicine Clinic
of the hospital where the ambient temperature was 25-27°C. Since
this was slightly below thermal neutrality for resting burned pa-
tients, patient comfort was achieved by covering them with light cot-
ton blankets. All subjects rested supine throughout the 20-30 minute
study. Only those patients who rested quietly during the actual test,
without any leg and/or foot movements, were included in this study.

Blood flow in the tibialis anterior muscle of the lower leg
was measured by 133%e clearance as described by Lassen, et al (9).
Basically, radioactive xenon gas (133%e) is dissolved in sterile 0.9%
NaCl solution to a concentration of 0.5-1.0 mc/ml, and 0.1 ml of this
solution is injected 1-2 cm into the tibialis anterior muscle through
a 25 gauge hypodermic needle. The disappearance of 133%e is monitored
for 20-30 minutes postinjection by a collimated scintillation probe
placed directly over the injection site. Simultaneous measurements
were performed on both legs in four control subjects and five pa-
tients. Muscle blood flow (MBF) is calculated from the tangent to the
logarithmic curve of 133%e washout.

MBF (ml/100 g muscle-min) = 4.100-7dQ/dt
Q(t)
where 4 is the partition coefficient for 133Xe (amount of tracer in
one gram of tissue/amount of tracer in one ml blood) and -dQ/dt
Q(t)
describes the clearance rate of 133Xe relative to the amount present
at time t; 0.70 was the value utilized for 4 in both control subjects
and patients.
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RESULTS

Total leg blood flow was essentially normal in the uninjured
legs of burn patients (Table 1), but increased in a curvilinear man-
ner with the size of leg burn and approached a plateau of 8.0 ml/100
ml-min as the extent of leg injury exceeded 607 (Fig. 2). Resting
skeletal muscle blood flow, however, was normal in burn patients
(Table 2).

DISCUSSION

These leg blood flow measurements(10,11) clearly demonstrated
that peripheral blood flow is increased during the hypermetabolic-
hyperdynamic phase of thermal injury and strongly suggest that a ma-
jor portion of this extra blood flow is directed primarily to the
burn wound.

Increased wound blood flow was supported by two additional ob-
servations. For example, in the third degree wound, which is associ-
ated with superficial vascular thrombosis, leg blood flow was near
control levels shortly after injury. Neovascularization is a constant
feature of wound repailr, and the development of granulation tissue in
the open wound corresponds structurally with a dense, superficial,
vascular bed. With time, therefore, blood flow increased to reach
levels predicted from the size of limb burn, presumably associated
with the formation of a richly vascularized wound bed. In contrast,
partial-thickness injury does not ablate the superficial vascular bed
and blood flow was elevated in these limbs as soon as circulatory
volume was restored. A second example of increased wound perfusion
developed subsequent to leg blood flow measurements before and after
excision to fascia of a 82.5% leg surface wound. With the removal of
the burn tissue, leg perfusion dropped from 5.27 to 3.33 ml1/100 ml-
min.

The increased rate of wound perfusion is, in part, responsible
for the elevated surface temperatures of these patients. This is most
evident in two groups of patients with and without leg burns but with
comparable core and total body mean skin temperatures (Table 1).

Since these two groups maintained similar levels of body heat content,
the higher surface temperatures of the burned legs can only be the re-
sult of higher superficial blood flows. Considering the increased
evaporative cooling which occurs from the burn wound, the impact of
increased superficial blood flow in maintaining an elevated surface
temperature is even more impressive.
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These peripheral blood flow measurements in burn patients make
it possible to characterize the shift in limb perfusion following
thermal injury (Fig. 3). Stolwijk (12) has partitioned resting leg
blood flow as follows: 29% to muscle, 46% to skin, and 25% to the re-
mainder. Assuming little or no change in either muscle, fat, or bone
perfusion, blood flow to the skin of an unburned leg, in a typical
patient with a 50% total body surface burn, increases by no more than
7% above normal. If this same burn patient had a wound covering 50%
of his leg, limb blood flow would approach 8 ml/100 ml leg volume per
minute. Since the size of 1limb burn has no effect on resting skeletal
muscle blood flow, 80% of total leg flow in this patient would be di-
rected to the surface with the vast majority going to the burn wound.

What are the factors responsible for this redistribution of
peripheral blood flow following thermal injury? Leg blood flow in
uninjured legs of burn patients is normal, in spite of the elevated
rectal temperature. A comparable degree of hyperthermia in resting
normal man would result in a 4-5 fold increase in leg blood flow(13).
Control levels of blood flow to the uninjured limbs suggest that these
febrile patients vasoconstrict normal skin. Since such cutaneous
vasoconstriction is an appropriate heat conservation response during
fever, why does the wound remain dilated? The selected elevation in
wound blood flow cannot be explained by a complete loss of intrinsic
vascular smooth muscle tone. This was demonstrated by the capacity
of severely burned legs with high basal flows to vasodilate further
when limb surface temperature was increased (Fig. 4) (10). The burn
wound appears to be '""functionally'" denervated, however, since it fails
to vasodilate when its temperature is held constant and the patient's
core temperature elevated 0.4-0.5°C by external heating (Table 3)(14).
This loss of neurogenic vasomotor control of the burn wound, when nor-
mal skin vasodilates appropriately (Fig. 5), is most likely the com-
bined result of 1) actual physical disruption of sympathetic vasomotor
nerves at the time of injury, and 2) the presence of local inflamma-
tory and metabolic factors which interfere with neuromuscular trans-
mission in vessels which retain their innervation. Possible chemical
vasodilators identified in the burn wound include such inflammatory
products as histamine, kinins, and various prostaglandins (15,16,17).
The anaerobic nature of granulation tissue is evident by increased
rates of lactate production in the injured extremities (6). This
metabolic environment with the associated release of lactate in the
wound may also contribute to local vasodilation and interfere with
extrinsic vasomotor influences. Actual physical denervation of wound
microvasculature is most apparent after inflammation subsides and the
wound is completely healed. While local chemistry should approach
that of normal skin with wound closure, reflex vasomotor control to
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the healed wound is still markedly reduced. The most likely explana-
tion for this lag in reinnervation of the burn wound is the evidence
that regeneration of sympathetic nerves in granulation tissue is slow
and vascular reinnervation often incomplete, particularly if split-
thickness skin grafts are utilized (18,19).

Regardless of the precise mechanisms responsible for the loss
of neural control of wound vasculature, this functional denervation
will allow local environmental factors to exert a greater influence
on wound perfusion. Consequently, the control of wound circulation
becomes less like that of normal skin and more like that of other
critical tissues (heart, brain, and active skeletal muscle), the
blood flows of which vary as a function of local metabolic conditions
rather than as part of integrated total body thermoregulatory or baro-
receptor reflexes.

What is the impact of this high obligatory wound blood flow on
the distribution of total body circulation in the burn patient? The
estimated cardiac index of a "typical" patient with a 50% total body
surface burn wound exceeds 7.0 L/m?-min. Based on actual measurements
of splanchnic (7), limb (10), muscle (11) and renal (unpublished data)
blood flow, and assuming no change in brain circulation but a rise in
coronary perfusion proportional to change in total flow, one may par-
tition the cardiac index of this hyperdynamic patient (Fig. 6). This
estimate describes a general shift in the distribution of total body
circulation toward the periphery with the major portion of the extra
flow going to the wound. This increase in superficial flow is, how-
ever, well within maximum levels of cutaneous flow observed in
resting-normal man under severe heat stress (20).

The dominance of local wound effects on the distribution of
peripheral blood flow in patients with marked systemic alterations in
metabolism and thermoregulation demonstrates the priority of the wound
in the body's homeostatic response to injury. High obligatory wound
blood flow is the major cause for the marked increase in total body
circulation following thermal injury. Our calculations indicate that
as much as 50-607% of the extra blood flow is directed to the burn
wound. This increased superficial blood flow severely reduces the
capacity of the patient to conserve body heat and maintain the febrile
state. The associated increase in body heat production necessary to
compensate for this insulative defect places additional metabolic de-
mands on the cardiovascular system. In other words, the major portion
of the increase in total body circulation either goes directly to the
burn wound or develops indirectly as a consequence of the effects of
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this high obligatory wound blood flow on the thermal balance of the
patient.

The combined magnitude and duration of these circulatory ad-
justments to thermal injury represent a severe test of the body's
cardiovascular system. The capacity to generate and sustain the
required circulatory activity is a major determinant of the pa-
tient's ability to survive the initial injury and ultimately heal
the wound.
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Figure 1. Leg plethysmograph. This design
provides a safe,comfortable, noninvasive ap-
proach to the study of peripheral blood flow in
critically injured patients.

Temperature (°C) Controls No Leg Burn Leg Burn
Rectal 37.0 + 0.1 37.9 + 0.2 38.0 + 0.1
Mean Skin 34.5 + 0.1 35.4 ¢+ 0.3 35,8 + 0.2
Mean Leg Skin 33.9 + 0.2 34.6 + 0.3 35.4 + 0.2

Leg Blood Flow
(m1/100 ml.min) 2.74 + 0.16 3.13 + 0.21 5.89 + 0.68

Table 1. Local effects of leg burn wound on
limb blood flow and surface temperatures.
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Fig. 2. The effect of local injury on leg blood flow.

Leg blood flow increases with the extent of limb burn,
suggesting that the extra blood flow is directed to the
surface wound.

CONTROLS 3.29 + 0.24
SMALL LEG BURNS 3.47 + 0.50
LARGE LEG BURNS 3.57 + 0.28

Table 2., Resting skeletal muscle blood flow
(m1/100 g-min) following thermal injury. The
local presence of a burn wound has no effect

on muscle perfusion. Values represent group
means + S.E.M.
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Figure 3. The estimated
distribution of peripheral
blood flow following a 507%
total body surface (7%TBS)
burn. Leg blood flow is es-
sentially normal in the un-
injured limbs (0% LS - % leg
surface burn) but increases
markedly when 50% of the
limb surface is burned (50%
LS). The vast majority of
this increase in peripheral
blood flow is directed to
the wound.

LEG BLOOD FLOW
(m1/100 ml.min)

SUBJECTS ATpe BEFORE | AFTER | % INCREASE
CONTROLS + 0.4°C| 2.93 4.56 56
SMALL LEG BURNS

(0-2.5%) + 0.6°C| 3.86 6.34 64
LARGE LEG BURNS
(37.5-70%) + 0.,5°C| 7.17 7.73 8

Table 3. ’Changes in leg blood flow following
30 minutes of external heating. Leg surface
temperature is held constant.
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o

Fig. 4. Peripheral vascular
response to local heating. Leg
surface temperature was in-
creased 5°C for 30 minutes.
Burn wound vasculature has
some basal tone which responds
appropriately to changes in
local temperature.
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Fig. 6. Estimated changes in distribution
of the cardiac index following a 507% total body
surface burn. The major increase in skin blood
flow is directed to the burn wound. The greater
skin blood flow in heat stressed normals occurs
from a fully dilated cutaneous vascular bed while
unburned skin in the patient is vasoconstricted.
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INTRODUCTION

St. Louis encephalitis (SLE) virus leads all other arbo-
viruses in causing human disease in the United States, and numerous
epidemics have occurred since its initial detection in 1933. The
largest being in 1975 when almost 2,000 cases were reported. The
virus is maintained in nature during the summer and fall by a
mosquito-bird-mosquito cycle. At least 3 mosquito species, Culex
pipiens, C. nigripalpus and C. tarsalis have been incriminated as
vectors. The seasonal distribution of human disease coincides with
high infection rates in mosquitoes and birds during late summer and
early fall, and human infections tend to be more prevalent in urban
areas--especially in the eastern US where the peridomestic mosquito
C. pipiens is the principal vector. '

Although details of the summer and fall virus transmission
cycle are relatively well known, the mechanism by which the virus
persists during the interenzootic winter season has remained a
mystery. In temperate regions, C. pipiens hibernate as inseminated
adult females. This fact, along with the fact that this mosquito is
one of the primary vectors of SLE virus during the summer and fall
prompted us to test the hypothesis that SLE virus is maintained in
these overwintering mosquitoes. This hypothesis has not gained wide
acceptance in the past because of the belief that blood-feeding in
pre-hibernating Culex mosquitoes is drastically reduced or suspended
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so that their chance of taking a viremic blood meal before over-
wintering is exceedingly small or nonexistent (1). The usual se-
quence of events which follow blood-feeding in C. pipiens is
maturation and oviposition of eggs. Techniques have been developed
(2) whereby it can be determined if a mosquito has laid eggs (parous)
or not (nulliparous). Previous investigations (3) have shown that
parous females are seldom found among collections of overwintering
mosquitoes, and those which are found are usually observed in early
winter and are presumed not to survive until spring. However,
ovarian diapause (a condition of the ovaries resulting in the taking
of a blood meal without development of eggs) in laboratory reared

C. pipiens has been demonstrated (4). In these cases, females, ex-
perimentally induced to hibernate, took full blood meals, but in most
instances, ovarian development did not follow. If this situation
occurs in nature, such females, upon dissection, would show no
evidence of a previous gonotrophic cycle (i.e., blood meal). Nulli-
parity, then, would not be proof of the absence of a pre-hibernating
blood meal. This study was designed to first look for the presence
of SLE virus in hibernating mosquitoes and to conduct laboratory
tests to explain how these mosquitoes may have taken a pre-hiberna-
tion viremic blood meal and yet remained nulliparous.

MATERIALS AND METHODS

Virus Isolation From Hibernating Mosquitoes

The source of the mosquitoes tested for presence of virus,
was abandoned ammunition bunkers of several former U.S. Army forts.
Collections were made in 4 mid-Atlantic states during January and
February of 1976 and 1977 (Fig. 1). The bunkers consisted of a
series of rooms 3 to 5 m wide, 5 to 10 m long and 2 to 3 m high.
Construction material was either steel-reinforced concrete or clay
bricks. The rooms where mosquitoes were collected had condensation
on both walls and ceilings.

During the 1976 studies 1,116 mosquitoes were aspirated
from the damp walls and ceilings of the bunkers and transported to
the laboratory where they were retained for various lengths of time.
Following one day in an insectary programed for a daily photoperiod
of 16 hrs daylight, 8 hrs darkness and a constant temperature and
relative humidity of 26°C and 80%, respectively, 715 female mosqui-
toes were identified and stored at -70°C in pools of 10 mosquitoes
each for virus assay. The remaining 401 mosquitoes were held for 7
days in the insectary and then pooled. No SLE isolates were obtained
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from the 1976 material.

OQur failure to isolate SLE virus from overwintering Culex
mosquitoes collected during 1976 prompted changes in the way we
handled mosquitoes for the 1977 studies (Table 1). Previous experi-
ments with Japanese encephalitis virus (5) have shown a marked reduc-
tion in virus multiplication in mosquitoes maintained at low tempera-
ture. These data suggested that any virus present would probably be
in low concentration, possibly below detectable levels, and that
incubation at high temperature might be necessary for detection of
virus in mosquitoes from overwintering sites. We similarly specu-
lated that a post-hibernation blood meal might enhance the chance of
recovering virus. After the holding periods in the insectary, a
chicken* was placed in the mosquito cage overnight to serve as a
blood meal source. The blood-engorged mosquitoes were segregated
from unfed mosquitoes and maintained in separate cages until blood
digestion was complete, then assayed for virus. Each mosquito pool
was triturated in tissue grinders with 2 ml medium 199-Hanks salts
supplemented with 207% heated fetal bovine serum, NaHCO3, penicillin
(500 units/ml) and streptomycin (500 ug/ml). After centrifugation
for 30 min. at 475 x g in a refrigerated centrifuge, each supernatent
was inoculated intracerebrally into a litter of 3-5 day old mice
(0.02 ml/mouse). The remainder of each mosquito suspension was
stored at -700C to be used as necessary for virus reisolation
attempts. Moribund or dead mice observed during a l4-day period were
frozen at -70°C. All such suspect isolates were passaged by in-
jecting a 207% brain suspension, in the medium described, into a
second litter of mice. Results of the pre~bleedings of the chickens
used to furnish blood meals for the mosquitoes eliminated any possi-
bility that these chickens served as a virus source. SLE isolates
were identified using a combination of complement-fixation (CF) and
plaque reduction neutralization test (PRNT). Prototype strains used
as reference SLE virus, included the Parton strain, and an isolate
made from a 12 September 1975 light trap collection of Culex sp.
during the SLE outbreak in Prince Georges County, MD.

*In conducting the research described in this report, the investiga-
tors adhered to the '"Guide for the Care and Use of Laboratory
Animals,'" as promulgated by the Institute of Laboratory Animal Re-
sources, National Academy of Sciences, National Research Council.
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Blood-feeding In Pre-hibernating Mosquitoes

Two characteristics of pre-hibernating adult C. pipiens
females are a reduction in the blood-feeding drive and the failure
of ovarian follicles to mature following a full blood meal. This
latter characteristic has great importance to our understanding of
the role of overwintering Culex mosquitoes in the winter maintenance
of certain arboviruses. Evidence is presented which offers an ex-
planation of how pre-hibernating female C. pipiens mosquitoes may
take a viremic blood meal, yet not undergo ovarian development.

The C. pipiens mosquitoes used in these experiments were
from a selfmating colony established in 1975 from hibernating females
collected from Ft. Mott, Salem Co., New Jersey. Larvae for experi-
mental material were reared in our insectary using conventional tech-
niques, and at a temperature of 27°C and a daily photoperiod of L:D
16:8 (hr light: hr dark per 24 hr period). Since it has been estab-
lished that the pupal stage is the photoperiod sensitive stage in
C. pipiens, random distribution into experimental groups was made
at the time of pupation. The treatment scheme used in this study is
diagrammed in Fig. 2.

RESULTS AND DISCUSSION

SLE Virus Isolation

A summary of the mosquitoes collected, the number which
took a blood meal and the viruses isolated during the winter of 1977
is presented in Table 1. Two SLE virus isolations were obtained from
pools of 10 mosquitoes each that were collected (after the coldest
periods of the winter) on 26 January and on 22 February, at
Ft. Washington, MD and Ft. Mifflin, PA, respectively. Both virus
isolates were obtained from mosquitoes given a post-hibernation avian
blood meal. Although by no means conclusive evidence that virus
isolation was contingent upon the blood meal, we did have 112 non-
bloodfed mosquito pools in 1976 and 53 in 1977 in which no SLE
viruses were isolated. This is compared to 2 isolates from a total
of 62 bloodfed mosquito pools in 1977.
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Demonstration of Increased Pre-hibernation Blood-feeding and Decreased

Ovarian Diapause

The experiment reported here was designed to represent a
model of fall populations of pre-hibernating female C. pipiens
subjected to varying periods of warm temperatures (''Indian" summers).
Our objective was to test the hypothesis that fall fluctuations in
temperature would result in some females taking blood meals without
the reversal of ovarian diapause. Such females would develop fat
bodies, remain nulliparous, and be prepared for hibernation. The
results of the blood-feeding trials and subsequent determination of
ovarian development are shown in Table 2. At the time of the first
blood-feeding trial only 5% of the short photophase females took a
blood meal compared with 787% of the long photophase group. Of those
taking full blood meals, 80% of the short photophase group had ovaries
which failed to mature, compared with 07 of the long photophase group.
After 3 days of warming, the percentage of females taking blood had
risen to 45%, but 407 of these had undeveloped ovaries. Even after
4 days, when blood-feeding took place in 747% of the females, lack of
ovarian development occurred in 25% of those taking blood. After 5
days there was no differences between the two groups. We feel that
the results of these experiments provide a biologically plausible
model for the natural occurrence of blood-feeding in pre-hibernating

C. pipiens.
SUMMARY

Two strains of SLE virus were isolated from natural popula-
tions of hibernating C. pipiens mosquitoes collected after the coldest
part of the winter in Maryland and Pennsylvania. These data suggest
that these mosquitoes can be considered to be winter maintenance
hosts for SLE virus. There are two possible explanations for the
presence of virus in these mosquitoes. One is that they became in-
fected through transovarial transmission, the other is that these
females took a pre-hibernation viremic blood meal. We have provided
an experimental basis for the latter. A significant number of females
subjected in the laboratory to envirommental conditions (e.g., short
photophases and cool temperatures) known to produce physiological
changes related to hibernation and then warmed to 259C for various
periods of time showed an increase in blood-feeding drive but still
displayed ovarian diapause. Such warming periods may be analogous to
situations which are common in nature ("Indian" summers). We suggest
that these experimental conditions may represent the mechanism by
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which SLE virus overwinters in hibernating C. pipiens. This suggests
a possible strategy for the control of potentially infected vectors
in the vicinity of U.S. military installations and other concentra-
tions of human activity. Spraying of abandoned ammunition bunkers,
concrete drainage tunnels, and other similar manmade structures which
serve as overwintering sites for C. pipiens could attack both vector
and virus at the weakest point of their life cycles.
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INTRODUCTION AND BACKGROUND

Planners of Army activities such as military construction, oper-
ation of installations, and conduct of training exercises have con-
sidered the environment when making decisions for decades. These
considerations usually took the form of adapting the action to the
demands of the local setting. Only rarely has the primary goal of an
Army military activity been to alter the environment radically. The
requirements of the National Fnvironmental Policy Act of 1969 (NEPA)
have refocused this envirommental consideration. The perspective of
environmental "consideration" has also changed. In response to AR
200-1, which adopts these requirements to the Army, a much more
rigid, systematic consideration of the environment must be performed.

The requirement to prepare an Environmental Impact Statement
(EIS) which discussed those actions which were significant enough to
potentially alter the environment required an openness not common
among government agencies. TFurther, the original legislation did not
specify exactly what was to be examined, nor did it discuss the form
that the EIS should take. Subsequent Executive Orders and the Presi-
dent’s Council on Environmental Quality guidelines for the prepzara-
tion of such documents helped answer some of these questions. The
form of the EIS and general scope of coverage was now established.
This did not, however, tell government agencies, including the Army,
HCW to examine the enviromment. Neither did any of these supple-
mentary regulations really indicate WHO should carry out the study
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leading to an EIS, although it was declared that the approach should
be "interdisciplinary" (l). An interdisciplinary approach requires
that persons knowledgeable of the biophysical and socioeconomic envi-
ronment being affected and the project being assessed be used in the
assessment process.

At this time, few government agencies or departments had the en-
vironmental complement of such an interdisciplinary group available.
One common source of such expertise was the engineering consulting
firm. Planners and decision makers were used to dealing with these
consultants, and many contracts for FEIS preparation were, and are,
placed with such firms. Such private businesses were probably no
more knowledgeable than government personnel with respect to the spe-
cific environment in question, but they had the capability of adding
temporary personnel in almost any specialty in immediate response to
a particular need. This mode of response was not generally available
to government agencies, and is still not usually permitted.

Pow did these firms attack the problem of the content of an FIS?
They did it in much the same way it was done within agencies—-an ad-
hoc or "off the top of the head" procedure. Lacking guidance as to
content or depth of coverage, the FIS became, over the course of the
first few years of NEPA, a weighty tome, or even multiple volumes.
These hundreds and thousands of pages were expensive to produce, and
took months or years to complete, and still did not address the pri-
mary points of an EIS adequately. Tifty percent or better of the in-
formation included in such documents contained useless information.
So many agencies had important projects in abeyance, though, that
funds were made available for this work. Such massive documents
became the norm for an EIS in many areas. Decision makers neither
had the time nor the interest to wade through hundreds of pages to
locate the precious little information useful in making a decision.
But was it possible for an agency to produce a legally and morally
sufficient FIS internally? Could much of this cost be eliminated by
using agency personnel already familiar with the action?
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DEVELOPMENT OF THE ENVIRONMFNTAL IMPACT COMPUTER SYSTFM

™m

Rationale

In response to this type of question, the Construction
Engineering Research Laboratory of the Corps of Inmgineers (CFRL)
began work, in late 1971, to develop procedures whereby Army
personnel couvld prepare and review EIS’s themselves, with a minimum
of outside assistance. By this time the assessment called for by
NEPA to determine if the action was potentially "significant" had
become, in the Army as in many other agencies, a formal document in
its own right. The Environmental Impact Assessment (EIJA) was first
suggested, then required, to follow the same format as the FIS.
CERL s charge, then, included EIA’s as well as FIS’s, thus covering
an extremely wide range of scope and significance required by the
procedures eventually developed.

Within the Army, major commands place slightly varying burdens
on field personnel to prepare formal, written assessments in the
format required by AR 200-1. Vhether written in this format or not,
though, the considerations are supposed to be similar. It was es-
pecially strongly believed that these more preliminary examinations
of environmental impact should be able to be done by Army personnel
with a minimum input from outside specialists. Since written EIA’s
are ten times morerfrequent in the Army than are EIS’s, savings in
personnel time and costs are potentially even greater in the EIA than
in the EIS process.

Several shortcomings were identified in the FIA/EIS procedures
which had evolved without real direction. The direct dollar ccsts
were felt to be excessive. Capital outlay by the Army for approxi-
mately 690 written EIA"s and FIS’s per year was conservatively esti-
mated to average 12.4 million dollars per year. Time delays of 12 to
24 months were seen in many cases. Part of this time was needed for
the contractor to undertake the detailed studies deemed necessary for
the preparation of a complete document. Depending on the stage of
completion of the project, however, cost escalations due to inflation
were often several times the direct cost of the EIS preparation. For
all these reasons, among others, the existing procedures, or lack of
them, were identified as excessively costly.
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Other problems concerned the coverage of the document, itself.
The challenges to the accuracy of an EIS were always pointing out
some area of consideration that had not been included. Fach agency
of the government seemed to be able to identify, in the EIS’s of
other agencies, serious shortcomings which affected them. The pro-
cedures developed as a result of CERL’s research would have to be
comprehensive enough to include all reasonable areas of impact. Fur-
ther, this comprehensive product would have to be capable of being
used by Army military and civilian personnel of widely varying back-
grounds and educational attainment.

Approach

A basic premise was made by CERL researchers at the very begin-
ning. This assumed that it was feasible to divide the actions of the
Army into discrete activities, and that these activities could then
be reaggregated as necessary to describe a particular action. A
second major assumption was made that the "human enviromment" could
be similarly divided into its characteristic parts, or attributes.
Thus, if both premises were accepted, environmental impact could be
examined as if it were a massive matrix, with activities along one
axis, attributes along the other, and the impact of their coincidence
at their intersection. In basic concept, there is a parallel to the
matrix developed several years earlier by the Geogological Survey
(2), though the Army "matrix" was several times larger initially.

As developed, Army activities were grouped into 9 broad areas.
Construction, Training, Operation and Maintenance (of installations),
Research, Development, Test & Evaluation, and Mission Change are ex-
amples of such areas. 1In all, approximately S¢0C different Army ac-
tivities were developed. Examples of construction activities are
shown in Table 1. The list is open-ended, and may be expanded if
necessary to adequately describe an emerging area of military activ-
ity. The context of the continental United States was generally as-
sumed when developing these activities, but they will apply well to
almost any peacetime sphere of action.

Environmental attributes were also developed within a general
context of the continental United States. The biophysical and socio-
economic environment was categorized into 700 attributes. These were
placed in 13 areas, such as ecology (biology), water quality, air
quality, economics, earth science, and noise. Examples of ecology

68



BALBACH AND NOVAK

60 suppnrt operations ¢€1 tenpurary roads
64 equipment fueling/maintenance ¢%5 temporary fooe services
66 solid waste disposal 67 Liquid waste disposal
/1 exploration ot site 73 clearing site
74 qrubbhins site 75 stumpino site
76 draining site AN demo lition
90 removal and disposal 61 brush remcval/disposal
92 tree removal/disposal 93 Llumber rermoval/disposal
94 concrete renoval /disposal 10N excavption
115 channelina 10,6 dredqging
120 earthworks and burrowing 13C rock excavation and guarrvyinn
1646 cassions 167 cofferdams
168 dewatering 169 drainagqge
140 bituminous corstruction 1¢5 . lacina-bitumr
187 curina/sealina-bitum ¢62 pest/insect protection

285 furbishinag(landscape-plantina-seeding)

Table 1. Activities, as included in EICS, which are involved
in a small military construction project. Activities and num-
bers are the same as those on the matrices in Figure 1.

1 natural settin3 2 game animals

3 game fish 4 rare or endangered species
5 increase in uniesirable svecies 1( impects on name animales
11 encroachmeat on natural ha>itats 12 threatened species

Table 2. Attributes included in EICS for Ecology for use in
considering potential impacts. Attributes and numbers are
the same as those on the matrices in Figure 1.
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attributes are shown in Table 2. The "matrix" thus developed must
consider at least 630,000 potential impacts generated by 900 activ-
ities on 700 envirommental attributes. Since it was desirable to be
2ble to consider each of these relationships in light of individual
project specifications, geographic location, season of the year, type
of units involved, etc., the number of variations present brings the
total number of impacts which must be examined to several million.

Since no personnel could be asked to examine these several mil-
lion relationships individually, the Fnvironmmental Impact Computer
System (EICS) was developed (3). This system selects, from among the
impacts covered, those applicable to the project, location, and mag-
nitude of the action under consideration. The results are given to
the user in the form of a set of matrices, and are scored by the
"need to consider" that particular relationship (Fig 1). The sever-
ity of impact is not generally predictable through the basic EICS,
however, but must be estimated by the preparer of the EIA/EIS. Ap-
proximation of the magnitude of an impact requires specific back-
ground information and mathematical models not generally available
either to the Army or to other document preparers.

One quantitative model, the Economic Impact Forecast System
(EIF8), has been prepared by CERL for Army .use. This was possible
only because nationwide data sources existed which could be used for
the background. EIFS has proven especially useful because economic
impact is a consideration in most actions, and is an area where quan-
tification is traditionally expected.

In addition to the indication of the need to consider an area,
supplemental parts of EICS give other information and guidance to the
user. Each of the attributes is completely defined in a separate
handbook (4) where examples of types of impacts and interactions with
other attributes are also covered. An explanation of each type of
impact is also retrieved, as are parallel suggestions for the avoid-
ance or minimization of impact. If impacts are considered
unavoidable in the practical sense, this judgment is given for use in
the EIA/EIS. Current modules of EICS include, as well, reference to
positive effects, especially those which are not intended or not ob-
vious to the planner or engineer.
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Figure 1. EICS impact matrices for a small construction project.
Numbering of activities and attributes corresponds with numbers
in Table 1 and Table 2. Score of "A" represents greatest need to
consider, "B" and "C" show lesser need. Figure 1A includes all
notential impacts on the attributes. Figure 1B illustrates the
reduction in potential impacts when filter questions have been
answered to reduce extraneous impact presentation.
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FIELD APPLICATION OF EICS

For which sorts of actions was the EICS intended to be applied?
The comprehensiveness of the system was designed with the larger
project in mind. Especially logical is its use on actions suspected
or known in advance of assessment to be wide-ranging or environ-
mentally controversial. In practice, a decision is often made in ad-
vance of formal assessment that a full-fledged FIS will be needed to
answer questions that have already arisen. Particularly
controversial, in the military activity context, is the ongoing re-
alignment of installations, functions, and personnel. EICS has been
utilized for analysis of these problems, and has generally been of
considerable utility in pointing out considerations in areas not
within the personal expertise of the team conducting the initial
study.

Application has also been made to major construction projects,
including troop housing, family housing, and test site proposals.
Other applications have been to installation ongoing operations as-
sessments, training program reorganizations, and a variety of smaller
construction projects. Applicability to construction projects is
even more logical when the planner is choosing among several possible
sites for a project. EICS assists in pointing out potential problems
associated with each site. The planner may then assess the sites,
and rank them in order of acceptability. Or, EICS may indicate,
after examination of the output, that several sites are equally ac-
ceptable from an environmental point of view. This relieves the
planner of some concerns at this stage, or reduces the uncertainty
factor greatly.

User Procedure

What procedure does the planner, or other preparer of an EIA or
EIS follow to use the EICS? Since the system has been released for
interim use while research is still taking place to develop associ-
ated modules of the systems, CERL processes requests for output at
this time. The EICS user manuals for construction (5) and for mis-
sion change, operations & maintenance and training (6) contain
detailed instructions to the user. Questions are asked in the manu-
als concerning aspects of the proposed action, its location, and the
surrounding environment. These questions are designed so that they
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may normally be answered by non-specialists following a visit to the
site, examination of topographic maps of the vicinity, and brief con-
sultation with installation personnel possessing specialized input.
In any case, if a question should be unanswerable, input may be made
without that answer. Input forms, with the question answers, are
then mailed to CERL according to instructions in the manuals.

What is the purpose of these questions? They represent a way to
save effort for the assessment preparer through reducing the number
of potential considerations presented by EICS. Tarlier, we pointed
out that EICS was capable of relating Army activities to the environ-
ment in several million ways. No person can he expected to examine
them all. The computer, however, does so very rapidly, and rela-
tively inexpensively. Information supplied by the system user on the
input form allows the computer to select from among these re-
lationships the tiny fraction most applicable to the action under
consideration. Thus, this user may be shown the few hundred--or, in
a larger action, few thousand--potentially important impacts. Figure
1 represents actual EICS output showing the difference between an un-
filtered and a filtered matrix.

What must the user do with those potential impacts? Ideally,
they will serve to plan and focus the examination which must take
place before a document is prepared. TICS output does not do the
writing of the EIA/EIS. A person, or group, must still do so. They
must determine if the activity predicted to cause a problem will take
place at all. If not, then it will cause no impacts. Does the at-
tribute which is predicted to be impacted exist at that site? The
preliminary "filter" questions cannot cover all possible site charac-
teristics, so certain of these attributes may not be present on the
actual site. If they are not present, then no impact can be postu-
lated. 1In this manner, the potential impacts presented by EICS may
be reduced to the most likely and serious. These are then discussed
as the main body of the EIA/EIS. The knowledgeable human at the end
of the chain is still the ultimate filter determining the problems
which are important.

Applications to Date

Who has used EICS? First, Army civilian and military personnel
at all levels have used all presently available modules of the
system. These include installation facility engineer and training
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directorate personnel, as well as those in major command headquarters
and in various research organizations. EICS has also been applied by
contractors retained by the Army to prepare assessments and state-
ments by specifying in the contractor’s scope of work that EICS
output should be examined to identify all major potential impact
areas before site~specific information is collected and before an ad-
hoc group decides indiscriminately the major impact areas to be in-
vestigated. Also, the EICS output has heen used, prior to retaining
a contractor, to identify major problem areas of the investigation
and then specify these in the scope of work. A potential for savings
in the Army exists through employing either of the above methods as
compared to the traditional general specifications.

What cost-savings may be expected through use of EICS? Our ex-
perience indicates that they may be considerable in some cases, and
small in others. The largest savings may be projected for those
larger projects where the nature of the activity and its impacts are
generally unfamiliar to those preparing the EIA/EIS. The "focusing"
effect, here, is estimated to result in cost savings of about 50%.
Time savings may also be evident. Contractors familiar with the
system may wish to make its use a part of their contract, and this
has been done in several cases. Fewer economies are apparent when
the system is applied to very small or very large projects. When
small, or routine, activities are covered by EICS, only a fraction of
the potential effects will be determined to be likely or probable in
any one case. In such cases it may be acceptable for one accession
of EICS to be made for a category of actions taking place in one gen-
eral setting, and then consulted from time to time when brief assess-
ments are prepared. When very extensive actions having very severe
impacts over wide areas are assessed, most of the cost of preparing
the EIS may be field studies which determine just what the baseline
conditions are. If such studies account for most of the contractor’s
costs, then the savings to be derived from focusing on certain
impacts are a lesser proportion of the total contract cost.

FIELD APPLICATION OF EIFS

The estimation of economic impact, through EIFS, was the first
area where quantified estimates of impact were attempted. It also is
being maintained temporarily by CERL. Requests for its use may be
directed to CERL or to the environmental offices within TRADOC or
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FORSCOM headquarters. This system is interactive, with telephone
connections being possible by offices with appropriate computer ter-
minals. After access is gained, the user is queried about the num-
bers of personnel affected, their salary, their status as civilian or
military, changes in installation procurements, if any, and other
pertinent input information as described in DA PAM 200-2 (7). An es-
timate of the magnitude of economic impact on the local economy is
then returned within seconds to the user. Any region of the United
States may be so examined, and the user aggregates the region to fit
the nature and location of the project. This subsystem has received
very wide usage by the Army, and other DOD and government offices,
for hundreds of possible actions, including thousands of alternatives
to them. Current costs are only a few dollars per use, a savings of
several hundred to several thousand dollars over other techniques.

In fact, EIFS has made possible routine examination of the economic
impact of every action including those previously believed too small
to bother assessing. Total cost savings to the Army is estimated at
well over .5 million dollars per year.

SUMMARY AND CONCLUSIONS

Lessons Learned

What has been learned by field use of computer systems for envi-
ronmental assessment? First, the value of such systematic exam-
ination of environmental impacts has been shown many times over.
Almost any written EIA or EIS may be made more complete and more re-
sponsive to the legal and moral commitments required of the Army by
legislation, executive orders, and Army regulations. Personnel with-
out proper educational background or knowledge of the project and the
affected environment, or ad-hoc groups organized to put together a
quick document rarely have the outlook necessary to utilize EICS ini-
tially. Such a group will probably best relate to a handbook method
such as DA PAM 200-1 (8). Contractors and consultants are often able
to make excellent use of EICS products, and may he able to realize
time and cost savings through its use. Improvement in the quality
and completeness of the resulting EIA/EIS may be the single most ob-
vious result of its use. As more persons become trained, however,
and familiar with the system, savings will be realized in personnel
time as well, both in length of time required and in the numbers of
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hours spent in analysis of EICS output and preparation of the EIA/EIS
document .

Have problems arisen? The basic difficulty we have seen is that
EICS does too good a job of bringing up potential impacts. Those
persons who have treated the EIA/EIS process as an exercise in paper
shuffling, with little specific consideration of the purpose of the
assessment, frequently see presentation of this large number of po-
tential problem areas as an added burden. If personnel are few, and
already burdened with other duties, it may not be possible for them
to do a better job of assessing actions. If it is possible for their
supervisors to believe in doing a better, but not necessarily faster,
job, then EICS certainly allows this. Improvement of quality and
thoroughness is clearly the most common effect of EICS application,
assuming personnel so tasked are allotted adequate time to do a good
job.

Because of simplicity and ease of use, rapid access, and avail-
ability of regionally specific economic baseline information, the
EIFS continues to be very useful for virtually all EIA/EIS’s re-
quiring economic consideration regardless of the turnaround time re-
quired to complete a document.

Keeping Abreast

What may be expected to change in the future? The nature of
Army military activities may be expected to change to accommodate new
weapons systems and new tactics. EICS can certainly accommodate such
changes, and allow assessment of the peacetime training effects of
the new procedures. All activities of the government, including the
military, will certainly be expected to manage the real property al-
located to them in a responsible way. Public scrutiny of Army activ-
ities can only become more intense. Development of tools such as the
Environmental Impact Computer System and its associated components
will assist Army personnel and consultants to predict, and therefore
be able to minimize, those adverse environmental effects which might
potentially interfere with a particular Army mission. 1In addition,
legal requirements are constantly changing. Invironmental legis—
lation is being reviewed and new provisions and interpretations of
NEPA are being prepared. Development and adptation of EICS and other

systems to meet newly arising actions must continue if this goal is
to be assured.
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PART I: TINTRODUCTION

Pavement design has traditionally been set apart from main-
tenance and repair considerations. Early design procedures, by
omission, presumed that pavements performed some service up to a
point where sudden failure occurred as a result of some predetermined
quantity of traffic. This "railure" was some finite definition of
the pavement condition. However, it has been intuitively obvious
that the pavement deterioration, or damage, occurred upon initiation
of traffic and gradually increased to some point where conditions
were unsatisfactory. It was also obvious to the designer that this
unsatisfactory condition varied from one facility to another depending
upon the needs and desires of the user.

More recently, members of the pavements community of engi-
neering have sought after methodology for quantifying deterioration
of pavements in various modes and for more properly quantifying
failure of a pavement. These achievements have been considered
essential to obtain the highest possible benefit from a pavement
throughout its entire life. This concept has been termed "life-
cycle management," which can be described as the management of a
pavement from its conception to the end of its life. The term tken
should include planning, design, maintenance, repair, and some ccntrol
of usage.

In order to effect life-cycle management, essentially every

trade-off must be optimized. Particularly, a design must be at
minimum cost with respect to deperioration. Additionally, the design

79



BARBER AND ODOM

must be aimed directly at the level of reliability desired as a proce-
dure for minimizing design redundancy or design insufficiency.

In the development of a pavement design method the U. S.
Army Corps of Engineers (CE) adopted the California Bearing Ratio
(CBR) tests for defining material strengths and developed the CE
design method for road and airfield pavements (1,2). This semi-
empirical method was selected in a time of military need for its ease
of application by troops in the field. Through the years, the CE
design methods for rigid, flexible, and other pavement types have
undergone several modifications and are still in use today. These
methods are deterministic in that they provide for design of new
pavements with respect to a specific failure criterion, and do not
provide for analysis of gradual deterioration in the respective
modes, or "system drift." This implies sudden failure of pavements
upon application of some computed quantity of traffic applications.

Major research programs have been undertaken in the past
decade to advance CE design procedures and to improve overall design
and management capabilities. In the early 1970's the Waterways
Experiment Station (WES) initiated research programs to improve the
CE design procedures as well as to improve design procedures of
other agencies.

Among these programs was a program of study that was
approved and funded in 1974 to develop life-cycle procedures for
pavements based upon pavement deterioration and statistical reli-
ability (3,4). This research is aimed at quantification of deteriora-
tion of pavements and assessment of reliability. This program of
study, which is currently in progress, is partially sponsored by the
U. S. Department of Agriculture Forest Service (FS). The FS is
participating in the study as a result of their need to assess damage
to roads caused by logging operations (4). Data available, along
with data that are being collected, are expected to provide for
analysis of damage caused by various types of vehicles. This capa-
bility will provide the basis for development of a differential cost
analysis procedure to aid in assessment of maintenance cost to private
sector timber industry.

The Department of Defense, through the CE, is participating
in the effort as a result of determination of the need not only to
predict deterioration of roads in a military scenario, but due to the
need to assess pavement reliability in military, tactical, and logis-
tical operations. This capability is a major step in the direction
of overall systems reliability that includes ground and air vehicles
as well as the mediums (pavements) upon which they operate.
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The needs of these governmental agencies, based upon finan-
cial as well as operational criteria, then have given rise to this
regsearch effort to develop procedures for life-cycle management using
Jeterioration and reliability concepts. This paper describes the
first phase of this research program.

Objective

The objective of this study was to investigate the hypothe-
sis that effective pavement life-cycle management can be achieved
through utilization of deterioration and reliability concepts. This
hypothesis was evaluated through a study to develop methodology to
predict deterioration and to determine pavement reliability, respec-
tively. In order to accomplish this hypothesis investigation, several
intermediate objectives were set forth as follows:

a. Utilize the surface rutting mode of deterioration
to develop a pilot deterioration prediction procedure.

b. Further develop the rutting prediction procedure
into a stochastic reliability assessment system.

c. Combine the deterioration and reliability models
into a deterioration and reliability analysis procedure for use in
life-cycle management. This procedure is a pilot procedure that
incorporates the rutting mode of deterioration.

c. Provide a base for expanding these developments to
include other modes of deterioration.

Accomplishment of these objectives establishes a technologi-
cal base for the development of an effective life-cycle management
procedure.

Scope of work

The scope of work was designed to effectively provice for
accomplishment of the objectives. The initial efforts consisted of a
search of existing data to determine whether enough rutting data were
available to provide a basis for development of the deterioration and
reliability models. The data were analyzed and, being found tenta-
tively satisfactory, were utilized for this purpose.

Literature was reviewed and studies were made to determine

the most suitable method of analysis of the available data. Upon
gselection of methodology for data analysis, a major portion of the
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research effort consisted of analysis of data and comparison of
existing data to that being accumulated in ongoing field evaluations.

As deterioration and reliability models came forth from
the analysis, computer programs were developed to provide for com-
puterized operation of the various models. Ultimately, deterioration
and reliability models for the rutting mode were developed for
unsurfaced, gravel-surfaced, and two- and three-layer flexible pave-
ments, respectively. .These models were then combined to provide for
deterioration and reliability analysis as well as for differential
damage analysis where mixed traffic occurs. This system is termed
the Differential Analysis System (DAS).

PART II: DATA COLLECTION AND CURRENT STUDIES

The CE design method has required revalidation and revi-
sion since its adoption due to the ever-changing nature of traffic.
Therefore, it has been necessary for the CE to conduct prototype
tests over the years to provide data to serve as a basis for revali-
dation and change. The net result of such an extended series of
tests has been the accumulation of myriad prototype pavement perform-
ance data. The data are necessarily in terms usable by the early CE
design methods, namely rut depths, thickness of layers, strengths of
layers and subgrades in terms of CBR, and vehicle characteristics
which include number and configuration of wheels, tire pressures,
and wheel loads.

The end result of the aforementioned data search was that
a large sample of high-quality rutting data was available that applied
to two- and three-layer flexible pavements, as well as to gravel-
surfaced and unsurfaced facilities. The data were initially termed
suitable if the variables were within appropriate ranges and were
all included and deliberately recorded. Criteria for rejection of
certain data were based on range, reaction of test pavements, and
engineering judgment with respect to overall suitability.

The data derived from this data search are used in the
development of the constitutive deterioration and reliability models.
The availability of such a quantity of data on deterioration in terms
of rutting on CE-designed pavements is the basis for the selection
of rutting and CE design parameters to conduct this basic research
on deterioration and reliability. With additional data, the model
may be expanded to other deterioration modes and even to other design
procedures according to the needs of other governmental agencies.
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In order to effectively achieve the overall goals of the
pavement deterioration program, an inter-agency agreement (3) was
entered into by the CE and FS to develop ways to predict deteriora-
tion and assess reliability. The agreement not only called for the
pilot studies to develop methodology using existing data, but also
instituted a large-scale field testing program to accumulate actual
deterioration data pertinent to FS and CE roads for use in validation
of this procedure for employment by FS and CE agencies. The modes of
deterioration considered paramount for this study were rutting,
roughness, slipperiness, cracking, and surface loss on aggregate-
surfaced roads. Currently, approximately 50 test sites have been
selected throughout the United States at various regional locations
in areas having suitable design and traffic features to provide a
deterioration enviromment. Test sections have been established at
these test sites, and various testing procedures are conducted on the
pavement structure to measure deterioration in the different modes.

To determine type and quantity of traffic that brings about
deterioration, the traffic is monitored by a combination of elec-
trical counters and visual observation samples. These field tests
have been in progress for approximately two years. The combination
of tests and traffic monitoring, when successfully pursued over a
period of approximately six years, is expected to provide abundant
data for deterioration and reliability system validation.

PART IJI: DEVELOPMENT OF DETERIORATION MODELS

Initial data analysis

The primary objective in the analysis of existing data was
the establishment of the rate of rut depth (RD) change as a function
of the independent variables. In this instance, where up to eight
independent variables were involved, it was recognized early that
the method of data analysis would be critical in terms of time, cost,
and overall results of the analysis.

Regression analysis procedure

The procedure of analysis ultimately selected for use is an
orderly method of developing mathematical relations from sets of data
using multiple regression analysis. This procedure was developed by
Lu, Lytton, and Moore (5), although the basic methods have probably
been employed by others due to its direct approach to the analysis
of data. The procedure utilized is termed a two-step constrained
regression procedure. The first step of this method is essentially
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a selection regression procedure using a multiplicative model to
obtain the approximate exponents of the independent variasbles. The
second step determines the coefficients of linear combinations of
the products. The final model is selected based upon four factors:

a. As simple an expression as can reasonably describe
what is actually taking place in terms of the dependent variables
and reflecting the effect of the independent variables.

b. High correlation of the model.

|o

Small prediction error.

d. Satisfaction of‘physical constraints.

The variables involved in the regression equations are
tabulated as follows:

a. RD = rut depth in inches.

b. P = equivalent single-wheel load in pounds.
() tp = tire pressure in pounds per square inch.
d R = number of load repetitions.

e ti = layer thickness in inches.

f. C. = layer strength in CBR.

1

The total number of variables changes from one pavement type to
another depending upon the number of layers that make up the pave-
ment. The procedure described below is in general terms and appli-
cable to all of the pavement types.

The final step in equation development is determining the
rut depth as a function of the other variables. The equations thus
derived take the form:

RD = £(P, tp, R, tio ci) + El

where El is the regression error due to lack of fit of the new
equation, stochastic variation of the variables and climatic vari-
ations, and other factors not explained in the variables.
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Development of regression models

The existing data were used to develop models for rutting
in the manner described in the preceding paragraphs. Experience and
familiarity in the area of CE pavement design procedures provided
some insight into the probable behavior of the variables, and there-
fore some transformations were attempted in the case of many of the
variables. The thickness equations currently in use by the CE (6)
were studied to determine the most likely form that some of the
variables might assume.

The final forms of the rutting models fesulting from the
regression analysis of the four categories are listed below. Included
with each model are the standard error (SE) and the coefficient of
correlation r .

a. Unsurfaced facility model:

Po.h925 m 0.8548 R0.5018 (log t)o.h293

_ D
RD = 0.110 ToTTE , T.205

1 2

where SE = 0.399, r = 0.9403

b. Gravel-surfaced facility model:

PKO.hYOY £ 0.5695 RO.2h76

(log t)

_ P
RD = 0.17h1 5.0020 - 0.9335 . 0.26L8
A Co

where SE = 0.29L4, r = 0.9117

c. Two-layer flexible pavement model:

1.3127 . 0.0k99 -0.32Lk0
K s R
[log (1.25 8, + 1,)13 20 ¢ 1-69TT C30.1156

P
RD = 1.9431

2
where SE = 0.411, r = 0.8779

d. Three-layer flexible pavement model:
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PK1.5255 e 0.0897 RO.ShSO Cl—0.7617 C2-0.5505 03-0.3089

RD = 0.03117 D
[log (1.25 i B )]0'881‘7 G )1-167h

2 3

where SE = 0.4L4L, r = 0.8418

The variables influencing the rut depth for the unpaved
categories are listed in Table 1, while the variables in the flexible
pavement models are listed in Table 2.

TABLE 1.--VARIABLES FOR UNSURFACED AND GRAVEL-SURFACED
FACILITY RUTTING MODELS

Index Variable
1 RD = rut depth (in.)
2 P = equivalent single-wheel load (ESWL) (1b)
2a PK = equivalent single-wheel load (ESWL) (kip)
3 tp = tire pressure (psi)
L t = thickness of top layer (in.)
5 ¥C. = CBR of top layer
6 *02 = CBR of bottom layer
i R = repetitions of load or passes

* Cl < C2 for unsurfaced facilities

Cl > C2 for gravel-surfaced facilities

PART IV: DEVELOPMENT OF RELIABILITY MODELS

Development procedure

The deterioration models for rut depth analyses of the four
respective pavement types as developed previously are necessarily
deterministic models. They represent not necessarily the best fit of
all the data, but instead a "good fit" as indicated by the error and
correlation values. To further expand the applicability and utility
of the models, statistical reliability concepts are inveoked to
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TABLE 2.--VARIABLES FOR THREE-LAYER FLEXIBLE
PAVEMENT MODEL

Index Variable
1 RD = rut depth (in.)
2 P = equivalent single-wheel load (ESWL) (1b)
2a PK = equivalent single-wheel load (EswL) (kip)
3 tp = tire pressure (psi)
4 t, = thickness of asphalt pavement (in.)
B) t2 = thickness of base (in.)
6 C, = CBR on top of base
T t5 = thickness of subbase (in.)
8 C, = CBR on top of subbase
9 03 = CBR on top of subgrade

10 R = repetitions of load or passes

account for the variability of all input data and to predict rutting
in terms of expected rut depth and variance from that expected rut
depth. This concept provides for models for each pavement type that
utilizes a total description of the input variables in terms of means
and variances of a set of values for each variable. This provides for
an accounting of the variability of pavement properties in a statisti-
cal manner instead of accepting only changes of values of measured
parameters. The statistical determination of the rut depth in terms
of expected value and variance provides not only for better analysis
of rut depth in terms of an expected rut depth and a probable devi-
ation from that value, but also for accounting for material vari-
ability in a statistical manner. The primary benefit of using total
input data and determining the expected values and variances of a
probability density function on rut depth is the ability to evaluate
the reliability of the pavement. The reliability of a facility can
be determined in terms of the probability that a given rut depth will
occur under given circumstances. It follows then that such a system
can be an excellent evaluation tool as well as a design tool. The
great advantage as a design procedure is the capability to adjust
reliability or conservatism to a desired value and selection of the
design parameters to suit those conditions. In order to address
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these concepts of reliability and the accounting for material vari-
ability, it was necessary to develop stochastic models for the defi-
nition of a probability density function of the rut depth.

If rut depth (RD) is considered a continuous, random vari-
able with some probability density function, f(RD) , the expected
value of H(RD) is defined as

(e o]

E[(H(RD)] = ./- H(RD) f(RD) 4RD

- 00

The expected value of RD is the mean or average of RD , which is
termed uwRD , or uRD = E(RD) . The variance of RD as a variable
is denoted by o%D and is defined to be:
2 2

0pp = E[(RD - wRD)“]
Occasionally, taking the expected value of a complicated function can
be a difficult process as in the case of the rut depth models pre-
viously shown. In order to overcome these difficulties, the expected
value was approximated by taking a Taylor's series expansion and
truncating all but the first three terms:

f(RD) = f(RD - ARD) + f“(RD - ARD)ARD + 1/2 £”(RD - ARD)ARD2 +

If ARD %Dbecomes RD - uRD , then the final generalized form can be
expressed as follows:

2

E[f(RD)] = f(uRD) + 1/2 f”(uRD)oRD

Taking the variance of the rut depth models was also a
painstaking operation, further complicated by the forms imposed upon
some of the variables. The Taylor's series expansion was again
applied. The variance of the rut depth models is denoted by V(RD)
and is expressed as:

2 2

5 2 4 2
R

5 & /4 [£77(uRD)] 6 + g

V(RD) = [f~“(uRD)] RD Lof

in which Oiof is the variance of lack of fit.
The expected value and variance models of each of the four
pavement types have been developed using the first three terms of a

Taylor's series expansion and have been programmed for computer
solution as part of the analysis model.
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Determination of reliability

As has been previously stated, reliability as defined and
used in this study is the probability that the rut depth will not
exceed some predetermined value subject to conditions that are
expressed by the independent variables. If a normal distribution
on the dependent variable is assumed, the prebability that the rut
depth will not exceed some maximum value RDA can be calculated
using the equation

RDA - E(RD)

V(RD)

where E(RD) is the expected value of the rut depth as determined
from the appropriate model and V(RD) is the variance of the rut
depth as similarly determined. The value P represents the variable
Z of the cumulative distribution function F(Z) . 1In order to
determine reliability R , or that is, the area under the distribu-
tion curve defined by E(RD) and V(RD) and to the left of the
maximum rut depth (RDp), enter a normal distribution function table
from a statistics handbook with a value of P (or Z) determined
previously and determine the area under the distribution (F(2)),
which is the reliability R . As an illustrative example, assume
the following values:

g

3 in.
E(RD) = 2 in.
V(RD) = 1 in.

RDA - E(RD) 8208

V(RD) Vi
tion table with a value of %7 =1 » it can be seen that R = F(7)
= 0.8413 . Or, it can be said in this case that there is a proba-—
bility of 0.8413 that the rut depth will not exceed a predetermined
maximum value of 3 in.

then P =

[y

1 . Entering a normal distribu—

PART V: DIFFERENTIAL ANALYSIS SYSTEM

The rutting models previously described have been entered
on a computer program to form the base of the Differential Analysis
System (DAS), which provides for a utilization of the rutting models
to determine the rate of deterioration and/or reliability of any of
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the four types of facilities described in terms of rutting. The term
"3ifferential” has been given to the computational system to emphasize
the fact that differences in results caused by changes in input can be
determined by the user in any assessment of damage caused by various
vehicle types or the effects of changes in the structure. The DAS
provides for one automatic iteration of the computational processes.
Differential analysis as described above can be achieved simply by
repeated iterations of the system while changing any variable or
variables desired. The system as shown is adequate for limited use
where the various models apply and is adequate to develop the original
hypothesis that life-cycle management can be achieved through deteri-
oration and reliability concepts. ’

The second stage of the DAS will provide for optimization of
rutting and relisbility values with respect to constraints imposed
through the input of values or ranges of values representing the
variables. Additional optimization will be achievable in terms of
design and rehabilitation costs as well as selection among the four
pavement options. As data pertinent to other pavement types, espe-
cially rigid pavements and selected hybrid pavements, become avail-
able, models will be included for their analysis.

Range and distribution of wvariables

The DAS is considered to be applicable to design and evalu-
ation problems where normally encountered values of the variables are
utilized. The range of applicability of any computational system is
constrained by, if not limited to, the boundary conditions of data
upon which it is based.

Utilization of the DAS

There are numerous applications of the DAS that can be made
by those concerned with life-cycle management or any aspect thereof.
As is the case with any similar system, validation is required to
render the DAS directly applicable to specific locales having unique
conditions. This version is, of course, in terms of rut depth as
the dependent variable and major item of analysis. Validation of the
DAS not only can achieve local applicability, but can incorporate the
other deterioration modes as a data base is made available. Field
data collection, for wvalidation purposes, that is currently under way
has been described previously.

Although the specific applications of the DAS are numerous
and necessarily depend upon user needs, some of the more pertinent
applications are described as follows:
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a. Design and evaluation: The DAS is directly appli-
cable to CE degign and evaluation problems in the same sense as are
current criteria due to similarity in data bases and results. The
added features of the DAS are namely the ability to (1) modify
limiting failure criteria (rut depth), (2) adjust conservatism to
any desired degree by imposing a required degree of reliability,
and (3) determine the reliability of a facility.

b. Optimization: TIterations of the DAS while making
changes in approprlate variables can provide for optimization of a
design with respect to cost, reliability, serviceability, layer prop-
erties, and materials.

c. Differential analysis: Iterations of the DAS pro-
vide directly for the analysis of the effects of different quantities
and magnitudes of loads. The equivalent single-wheel concept (€)
makes this possible by providing the capability to incorporate various
vehicle configurations. This feature provides a quantitative basis
for assessment of damages caused by various categories of vehicles
and, when used on a relative basis would not require locality vali-
dation of the DAS.

d. Planning: The DAS can be considered an effective
stochastic-type planning tool for quantitative estimation of future
maintenance and repair needs as well as time-to-maintenance
estimation. This feature, in connection with such procedures as

CPM and PERT, can be used to effectively program.work loads and
expenditures.

e. Military operations: The tactical and logistical
operations that could benefit from use of the DAS are too numerous
to mention in detail. ©Such considerations as optimization of con-
struction capabilities by constructing facilities having only a
required reliability, and using facility reliability concepts tc
aid in tactical planning and maneuvers are key considerations ttrat
could be better quantified using DAS concepts.

The use of the DAS as it exists herein necessarily includes
use of the CBR method of strength evaluation, which is in itself not
a true physical material parameter. This feature is not to be con-
sidered a deterrent, however, to prospective users bound to other
design procedures. Material strength parameters can be stated in any
sultable terms where a sufficient data base exists for validation.
True material parameters, such as Poisson's ratio (u) and elastic
properties (E), in various forms can be utilized and would provide
for a more rational approach to the overall operation. Other methods
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of portraying strength can be used where data are available. In all
cases, any bias is removed in the actual correlation indicated during
the validation stage and should be the basis of judgment as to whether
a particular procedure is employed.

PART VI: CONCLUSIONS

The conclusions drawn as a result of this study are as
follows: )

a. The hypothesis that effective pavement life-cycle
management can be achieved through the use of deterioration and reli-
ability concepts has been investigated and proven.

b. Models were developed that effectively portray the
deterioration of a facility and assess its reliability in terms of the
rutting mode of deterioration.

c. The deterioration and reliability models show high
correlation and small residual error and, therefore, when combined to
form the heart of the DAS, should provide for effective rut depth
prediction and rellablllty assessment .

d. The DAS can be used for the purposes indicated in
the section entitled "Utilization of the DAS."

e. The DAS, as a first-generation system, provides a
technological basis for development of a complete life-cycle
management system for all modes of deterioration pertinent to all
pavement types through expansion and validation as data are made
available,

f. The DAS can be used in its present form for dif-
ferential analysls on roads where damage incurred by various vehicle
types must be determined as a basis for cost assessment.
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L]
The Multiple Integcrated lLaser Fngagement System (MILES) is
the core system for a family of laser engagerent simulators which
have the notential to revolutionize Army tactical unit training.

MILES devices are being developed for the M16 rifle, the
Army's full family of machineguns, the VIPEP, DRAGON, TOV, the main
battle tanks (M6OALl, A2, A3), and the 1551 AR/AAV. Follow-on efforts
will expand the MILLS system into air defense weapons, helicopters,
artillery, high performance aircraft, and enemy weapons systems. The
prototype packages consisted of laser transmitters which simulated the
effect of the weapons, the laser detector array which detects and de-
codes incoming laser signals, and hit indicating mechanisms which
combine audio and visual signals to convey near misses and kills.

The system uses low power gallium-arsenide (GaAs) lasers.
Fach device is lightweight, and its addition to the base weapon will
not affect the normal handling, accuracv, or performance of that
weapon. For every weapons system involved, the laser transmitter
will have a hit probability comparable to the weapon simulated, as
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well as dunljcating the weapons' effects. An infantrvman, for ex-
amnle, can "kill" another infantryman with his 16 device equipped
rifle, but cannot disable a tank. Converselv, a tank can "kill"
not only another tank, but also TOV crews and infantrvmen. The key
to this is distinct pulse codes for each weapon and discrimination
logic in each detector.

Ty duplicating the ranges and simulating the lethality ef-
fects and characteristics of direct fire weapons, realistic, two-
sided exercises can be conducted with reduced controller reduire-
nents and increased training value.

The MILES program will not only provide sreater fidelity,
it will extend tactical engavement simulation to full company team
and battalion task force level training to include night operations.
The MILTS basis of issue for each active Arny division will include
enourh devices to nermit two battalion task force exercises to be
conducted simultaneously. Operational testing of the MILTS system
is scheduled for Aupust 1972 with production and initial issue be-
ginning in 1979,

Proper operation of this system requires the laser to be
purposely directed at personnel. Ocular exposure approaches certain-
ty. Tield deployment will therefore ultimately reflect the con-
fidence of the user in his understanding of the ocular hazard of
the injection diode laser. Cognizance of this fact led to a meeting
in Orlando, TL, on 4 February 1976 with personnel from the US Army
Environmental Fypiene Agency; the Project Manager for Training De-
vices, Orlando, FL, and the contractor, to discuss the planned engin-
eering; development model of the MILES laser system (1).

The meeting attendees concluded the proposed MILES system
emitted optical radiation exceeding current protection standards
(Class 1-System). In response to the recommendation that further bio-
logical research be performed, those groups involved in project MILES
convened at the Letterman Army Institute of Research (LLAIR) in April
1976 for a review of the biomedical effects of gallium-arsenide laser
radiation. Tt was pointed out that it is not sufficient to simply
test the MILES device against a biological system (the eye) in con-
trolled laboratory situations. The assignment of this system to
a "safe" category (Class 1) is controlled by existing repulation
AR 40-46 (2) and TB MED 279 (3). A research program bearine on the
provisions of these regulations was outlined.
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The fundamental requirement was to produce data that
would indicate a need to modify existing standards, which is based
in part, on limited data. Experiments were designed to answer ques-—
tions and provide data on the damage threshold for a single-pulse
exposure at the GaAs wavelength (905 mm) and the effect of exposure
to pulse trains at the MILES code and frequency. In addition,
experiments were designed to study the effect of the non-circular
irradiation geometry resulting from exposure to collimated GaAs
radiation (4). .The most direct method to provide thesedata would
be through the direct evaluation of retinal lesions created by ex-
posure to a pulsed GaAs system. However, the injection diode laser
was an uncooperative source when one attempted to optically couple
the emission onto the retina. to the point where no retinal lesion
had been successfully produced with a laser operating under the vari-
ables required of Project MILES. These variables approach the limits
of a single-junction, pulsed, room temperature, GaAs laser.

The ocular hazard at a wavelength of 860nm had previously
been determined for 120 KHz Pulse Repetition Frequency (PRF) radia-
tion from a cryogenically cooled GaAs laser diode(5). The experi-
ment was sufficiently defined to predict a rectangular retinal irra-
diation geometry. The retinal burns were in all instances circular
in shape when viewed ophthalmoscopically, and were frequently oval
in shape in retinal flat preparation and histopatholopical section (6).

MATERIALS AND METHODS,

ri
P Bl FaX
AT TTTT
POWER
CALIBRATED EYE MONITOR — SUPPLY
RADIOMETER DETECTOR Y

FIGURE 1: EXPERIMENTAL APPARATUS
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Ixperiments were conducted to provide sufficient
data for further interpretation of the biomedical effects data
base, utilizing lasers which apnroximated the MILES device in spec-
tral and/or temporal emission characteristics.

The apparatus used in these experiments is shown in figure
1. A shutter controlled the exposure sequence and attenuating fil-
ters reduced the beam energy to the desired level. A beamsplitter
directed a portion of the energy into a detector which recorded the
dose of each exposure. This detector was calibrated by reference
to a radiometer each day the system was used. A goniometer mount
provided rotation of the animal about the pupil of the eye to be
exposed, allowing precise positioning of the exposures on the re-
tina. An accurately repositionable mirror, which directed the beam
into the eye, was moved to permit fundus camera observation of the
retinal exposure sites.

Each laser, as required, was positioned in the exposure
system. The divergence of the beam at the eye exposure position
was measured so that an accurate estimation of the size and geometry
of the retinal image could be made.

The animals used in these experiments were rhesus monkeys
(Macaca Mulatta) weighing between 2 and 5 kg. Preanesthetic medica-
tion consisted of a sedative dose of phencyclidine hydrochloride (0.25
mg/kg) intramuscular and atropine sulfate (0.2 mg) subcutaneously.
Anesthesia was induced with sodium pentobarbital (approximately 5
ng/kg) via the saphenous vein. A pediatric intravenous injection
set was placed into the saphenous vein to administer fluids and to
facilitate additional anesthetic. The pupils were dilated and sutures
of 3-0 silk were placed in the upper eyelid to facilitate manipulation.
Vhile the eyes were open during the experiment, physiologic
saline was used to maintain good corneal transparency.

The animals were positioned in the exposure system and the
fundus examined via the Zeiss fundus camera. Any abnormalities were
noted. Thirty-six to forty eight exposures were placed in a square
array utilizing suprathreshold marker burns to accurately locate the
rows and columns for subsequent examination.

Detailed ophthalmoscopic examination of the exposure sites

was conducted at one hour post exposure. The criteria for damage were
the presence of a lesion visible via this examination.
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For most of the systems evaluated, a probit analysis was
performed (7). The presence or absence of changes in appearance of
the target area was noted for each irradiance studied. The ratio
of observed responses to the total number of exposures at given doses
was then plotted on logarithmic probability paper where the ordinate
is probability (percentage observed) and the abscissa reflects the
dose.

From the plot, the ED (effective dose required to pro-
duce an observable response 50 percent of the time) was obtained.
Confidence intervals about the dose response curve were calculated.
Because of the experimental design, the ED 0 has greatest statistical
significance and is often referred to as tge "damage threshold."

ERBIUM: YLF EXPOSURE SERIES

This laser produced Q-switch pulses of 180-ns duration at
a wavelength of 850 nm with a beam diameter of 1.6 mm.

Dose response data were obtained for two exposure condi-
tions. Initial exposures used a laser beam divergence of 0.7 wmilli-
radian, producing a minimal retinal irradiation diameter. After an
ED had been obtained for this condition, a +9 diopter lens was in-
troudced into the beam to produce a 26.8 milliradian beam divergence
resulting in a 400 um retinal irradiation diameter. The results of
the 850-nm Erbium laser exposures are tabulated in Table I.

TABLE I
ED50 Dose for Q-Switch Erbium Laser Lxposure - 850 nm
ED
Minimum Retinal 50
Irradiance Diameter 12 + 3uJ
400 u Retinal
Irradiance Diameter 138 + 20uJ

This experiment established the damage threshold for a
single, short-duration pulse in the spectral region of the GaAs laser.
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NEODYMIUM: YAG - PULSE TPRATII EXPOSURE SERIES

The laser was a continuously pumped acousto-optic Q-
switched Nd:YAG laser. The wavelength was 1064 nm. Within the pulse
repetition frequency range of these experiments, the pulse duration
was 180 ns. The laser was pulsed continuously at the desired fre-
quency and an external shutter was used to pass the desired number
of pulses, The laser beam at the eye was 2mm in diameter and col-
limated to produce a minimum retinal irradiation area. These data are
surmarized in Table II.

TARLE II
Laser Exposure Nata Nd Laser Pulse Trains - 1064nm

PRF Number of Pulses
1 2 3 6 74 1000
100Hz EDSO(UJ) 128.9 75.1 89.8
1000Hz EDSO(UJ) 80,1 51 55 16.4 10.1
3000Hz EDSO(uJ) 60.6 43.6 30.4

These data show a high degree of additivity for two pulses,
with the additivityv being greater for shorter interpulse spacine. The
degree of additivity lessens following the second pulse. If the data
for 1000Ez is plotted on log paper as total pulse train enerey vs
total exposure duration, the slope of the resultine line is nearly
identical to the slope of existing continuous wave (cw) neodymium la-
ser ED_. data. This is at variance with the guidance of TBMED 279
which assumes a different time dependency of the safe level for the
two exposure conditions. This variance encouraged the investipators
to perform a literature search for all existing pulse train exposure
data. FExamination of these data, for pulse durations from 10 ns to
1 ms and pulse repetition frequencies from 1lliz to 17,000Ez reveal a
consistent relationship between pulse train data and equivalent con-
tinuous wave data. This relationship is not adequately modeled by
the procedures of TBMED 279.

GALLIUM ALUMINUM ARSENIDF (GaAlAs) LXPOSURF SERIES.

The source of radiation for this experiment was a cw GaAlAs
stripe geometry laser diode, selected to have a maximum laser output
of not less than 20 mW. The wavelength of maximum emission, measured
in this laboratory, was 833 nm. The spectral bandwidth was not mea-
sured, but is reported by the manufacturer to be 2.5 nn.

100




BEATRICE, LUND, COURS,
WAMPNZR AND SLINLY

The laser was driven with a stable 385 milliamp source. A
5.5-um focal length lens collimated the laser emission. The beam
divergence was 0.65 milliradian by 4.8 milliradian.

A horizontal row of 12 suprathreshold retinal exposures
were made with the erbium laser to produce location markers. Three
rows of GaAlAs laser exposurcs were located below the marker row.

All exposures were of 30-second duration. The ED, .,
determined from 185 exposures in six eyes, was 230 millijouigs. The
lower and upper 957 confidence limits were 202 millijoules and 262
millijoules, respectively.

MILES PROTOTYPF LEXPOSURL SERIES.

The laser source used in this experiment was a prototype
gallium-arsenide laser training device having two modes of operation.
In the pulse-repetition-frequency (PRF) mode, the output consisted of
a continuous train of 100-ns, 905-nm pulses at a repetition rate of
1,600 Nz. 1In the pulse code mode, the interpulse spacing is not con-
stant and the average repetition rate is 132 Hz. The pulse energy
and duration are the same in both operating modes.

In each eye a total of forty-eight exposures were made in a
grid pattern for exposure durations from 1 sec to 90 sec. The total
intraocular cnergy was .212 erg/pulse for the 1 watt laser and 1.64
erg/pulse for the 10 watt laser.

Evaluation of the retinal sites was wmade by funduscopic
observation, intravenous fluorescein angiography, retinal flat pre-
paration, and/or epon imbedded serial sections for light microscopy
(Trypan blue, azure II staining). These analyses were carried out
for immediate, 1 hour and 24 hour intervals after laser exposure.

These ocular ecxposures did not produce the type of retinal
opacity which is typically seen by fundoscopy after laser irradiation
of the retina. Exposures in the 30-second PRF sequences were
characterized by the developuent of a pale gray clouding within 10
seconds after initiation of the exposure while the laser continued
to irradiate the retinal site. At the end of the 30-second interval,
the exposurc site measured approximately 350-400 microns and was
darkened at the periphery with central diffuse clouding (8).
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The incidence of observed retinal changes at various expo-
sure levels is summarized in Table III.

TABLE III
Summary of MILES Prototype Laser Exposure Data
Exposure
Lasers Mode duration TIE Exposures/Changes
1 watt PRF 30 sec 1.0 mJ 100/67
10 sec 0.34 mJ 25/18
5 sec 0.17 mJ 7/5
1 sec 0.034 mJ 10/0
1 watt Pulse 30 sec 0.084 mJ 14/0
Code
10 watt PRF 30 sec 7.9 mJ 19/11
10 watt Pulse 30 sec .65 mJ 5/5
Code

The subtle retinal changes were persistent(24 hrs after ex-
posure) . However, no flourescein leakage or histological evidence of
retinal alteration was confirmed in any of the exposure sites.

With the exception of the direct observation of retinal
"clouding," none of the techniques (angiography, flat preparation,
serial microscopy, and fundus photography) routinely used to deter-
mine the site or extent of the change demonstrated any retinal alter-
ation.

DISCUSSION

Analysis of the results of these studies reveal a paradoxi-
cal situation. One result is a recommendation that the provisions of
TBMED 279 be changed in a manner that allows the latest MILES device
to be placed in Class 1 - safe laser (9). A second result is a body
of biological data which indicates that retinal alterations are occur-
ing at irradiance levels below those afforded by the MILES device.
Note that there is an exact reversal of the condition which existed at
the start of the study.

The ocular doses from the MILE prototype device which pro-
duced retinal "clouding" were below the existing TBMED 279 standard
for pulse train irradiation. These doses approached those used in
functional testing which produced measurable visual performance de-
gradation.
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This subtle retinal clouding was a different end point re-
sponse criteria than was used in the body of dose response data upon
which the safety standards are based. Those data used the presence of
a visible retinal opacity or lesion as a response criteria, as did the
data reported here for the erbium laser, GaAlAs laser and repetitive
pulsed Nd Laser. The clouding phenomenon does have correlates in
other retinal response observations. The discrete lesion produced by
the cw GaAlAs laser was surrounded by retinal clouding similar in
appearance to that produced by the MILES prototype device.

Neodymium single pulse and multiple pulse exposures made at
2-3 X ED.,. produced a bright central whitened area of less than 100um
diameter which faded within ten seconds while the typical retinal opa-
city developed. At lower levels, approximating the EDgy level, a re-
producible change in the reflectivity from the retina was observed
directly preceding the development of a retinal burn. At levels below
the ED50 the transient reflectivity change was the only effect noted.

Retinal effects for the erbium and GaAs lasers gave the im-
pression that the changes are superficial to the retinal pigment epi-
thelium for near "threshold" burn levels. If indeed changes are oc-
curring superficial to the level of the pigment epithelium, then
subtle exposures may produce damage to neural elements of the retina
including the photoreceptors themselves without pigment epithelial
change. Further, the accepted experimental ED5 level, from which
safe levels are determined, may be forced to be revised to account for
other than retinal opacity levels.

COMPARISON OF DATA WITH STANDARD

Figure 2 presents the ED_.s for ocular exposure to the cw
GaAlAs laser, the 120 KHz GaAs laser and the 180 nsec pulse duration
850 nm Erbium laser. Also presented are the ED_.s for ocular exposure
to the cw neodymium laser and the pulsed neodymium laser. The neodym-
ium laser data represented a consistent set derived in one laboratory
with a common laser and ohkserver. The neodymium data throughout ywere
for minimal retinal irradiance diameter. The pulsed neodymium data
and the pulsed erbium data are derived in one laboratory by a common
observer using well behaved lasers in identical dose delivery systems.
These data are therefore representative of the ratio of damage thres-
holds for the two wavelength regions.

The 850-950 nm data is inconsistent. The cw data does not
lie on a common line and the separation between wavelength regions is
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