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Chapter 20

Experiences with Early Emergency Response and Rules of Thumb

Allen Brodsky and Niel Wald

Introduction

This chapter will present some basic principles of responding to attacks from radioactiv-
ity-dispersing devices (RDDs) or nuclear weapons, as learned and adapted from experi-
ences in:

(a) evaluating and treating at the University of Pittsburgh Medical Center’s Radiation
Medicine Department, and elsewhere, dozens of cases of external radiation exposure,
and the human intake and contamination from radionuclides over the range of
radiotoxicities; and

(b) training responders to understand radiation measurements and risk and to utilize radia-
tion monitoring instruments to minimize radiation exposure and public panic follow-
ing a nuclear attack.

The experience presented in this chapter is derived mainly from accident cases that
occurred decades ago. This type of experience, which provides lessons applicable to emer-
gency response today, has not been available to most health physicists because the kinds of
radionuclide processing and experimental work performed in the first three decades after
the discovery of fission have not been conducted in the United States for several decades.
Lessons learned from these selected cases, as they would apply to triage or emergency
actions after terrorist attack, are summarized after each scenario to illustrate important
concepts of emergency preparedness and response.

Accidental High Radiation Exposures

Van de Graaff Accident Involving Amputation of Forearms and Legs,
with Successful Bone Marrow Transplant

Three workers were accidentally irradiated at the Van de Graaff (VDG) accelerator fa-
cility at the former Gulf Oil Corporation Research Laboratory in Pittsburgh on 4 October
1967. The experienced accelerator operator was exposed to intense bremmstrahlung radia-
tion while unscrewing target cooling tubes, unaware that multiple safety interlocks had
failed to operate. A phantom was positioned to mock up the exposure, with thermolumi-
nescence, ionization chamber and film dosimeters positioned to estimate the complete ex-
posure distribution. The exposure distribution was normalized to the reading of a film
badge worn by the operator at his waist. A worker who was next to the operator during the
exposure but did not have his hands and feet in the beam and a third worker who was more
distant and present for a shorter time also had worn film badges at the waist. The film
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badge readings had been interpreted as 300 R for the first two individuals and 100 R for the
third by Landauer and Company. A visit to Landauer with an independent densitometer
confirmed, on the insensitive films of each packet as retrieved by Robert S. Landauer, Jr.,
that the exposures at the waist were indeed 300, 300, and 100 R, respectively, within about
20%.

With the distribution normalized to the waist reading, the operator was estimated to
have received a mean marrow dose of 600 rad, with major weighting by the estimated
6,000 rad to the forearms and about 2,000 to 3,000 rad to the lower legs. The close co-
worker was estimated to have an average bone marrow dose of only 300 rad. At the plenary
session of the 1969 Health Physics Society meeting, Wald (1969) reported that the relative
doses for the two individuals, as estimated by dicentric and ring chromosomes, was also in
the ratio of 600 to 300 rad.

Well before the confirming dosimetry had been completed, the need to place the two
individuals in special care in a germ-protected hospital environment was determined from
the prodromal symptoms of early nausea and vomiting and blood count changes. For the
VDG operator, arrangements were made for the performance of a bone marrow transplant
from the operator’s identical twin by E. Donnal Thomas, the developer of the technique, on
the ninth postexposure day. As a result, the operator’s granulocyte and lymphocyte counts,
which had been dropping rapidly before the transplant, began to return to normal by the
19th postexposure day, while the close coworker’s white count continued to drop to a very
low level until the fourth postexposure week.

Despite the successful transplant, the operator’s severely injured forearms and lower
legs required sequential amputations of the devitalized tissues, which resulted from direct
tissue damage as well as their damaged blood supply. The operator led an active life nev-
ertheless until he died from a coronary occlusion 18 y later, which ironically was 2 y later
than his twin brother’s death of the same cause.

Further details of this interesting case can be examined in Wald et al. (1968a, 1969a),
Schenk and Gilberti (1970), Thomas et al. (1971), Gilberti (1980), and Gilberti and Wald
(1991). There are lessons to be learned regarding radiation protection practice as well as
medical response from this accident.

Lessons Learned

1. Nonuniform exposure that results from shielding just a portion of the body by rapid
action can effectively reduce the injury and death from a short-term, high external
radiation exposure.

2. While the patients in this case felt relatively well for about the first 2 d after initial
nausea, medical knowledge of prodromal symptoms of the acute radiation syndrome
was necessary to initiate proper care and keep them hospitalized (Wald 1969b). Medi-
cal personnel who are expected to care for seriously exposed persons must have spe-
cial advanced training (Wald 1969b; Mettler and Upton 1995).
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3. Radiation monitoring instruments capable of measuring high levels without saturating
must be kept tested and calibrated and carried by anyone entering potentially high
radiation areas.

Accidental Intakes of Radioactive Material
Glovebox Explosion Involving 2’Pu and **Am Oxide Contamination

Initial Scenario. This case, an accident in a plutonium fuel fabrication plant, occurred
on 17 January 1966, soon after the opening of the University of Pittsburgh whole-body
counter and bioassay laboratory, which supported the Radiation Medicine Department of
Presbyterian-University Hospital. Only large Nal detectors were in operation for the evalu-
ating of intakes from higher-energy gamma emitters. Fortunately, however, two 2-inch-
diameter X 1-mm Nal crystals mounted on photomultiplier tubes had been purchased and
were delivered just before the incident. Despite admonitions that our laboratory was not
equipped to evaluate this case, the case was managed well medically and dosimetrically
with this simple equipment. This case shows the feasibility of emergency management of
internal exposure assessment and treatment with relatively simple equipment and a physi-
cian-health physics team prepared in the relevant medical and physical sciences (Brodsky
et al. 1968). However, the case also shows difficulties that were encountered without prior
funding to prepare our own laboratory to perform urine, fecal, and other sample radio-
chemical analyses at this time. Administrative and management lessons learned will be
summarized later in this chapter.

At 2:05 p.m., Monday, 17 January 1966, an explosion occurred in a glovebox when a
technician attempted to ignite a propane torch. The torch had apparently leaked after a new
cylinder was attached. The explosion blew out the gloves and knocked the operator to the
floor. Within seconds the operator proceeded to the change room, and within 1 min the
plant evacuation alarm was sounded.

Hot gases from the open glove ports had singed the operator’s eyebrows and produced
minor first-degree facial burns. His face, hair and chest were contaminated with alpha
activity up to several hundred thousand disintegrations per minute per 100 cm? Nose swipes
read up to 100,000 counts per minute. The worker’s clothing was removed and he was
showered despite the high level of head contamination and absent body contamination due
to protection from his clothing. This redistributed the contamination to otherwise clean
areas.

Twenty-four-hour urine samples were taken on all persons involved in the incident, and
fecal samples were also collected from the glovebox operator. The glovebox operator show-
ered at the hospital until all external alpha contamination had been removed, except for one
spot reading 1,200 counts per minute on the right front chest. His nasal contamination was
reduced below 1,000 counts per minute per smear by irrigation with water.
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Air samples at the plant indicated alpha air concentrations of up to 10”7 nCi/mL in the
room where the incident had occurred averaged over about 20 min after the accident. (Air
concentrations [“MPCs” at that time (ICRP 1960)] were limited for worker exposure over
50 y to 2 x 1072 uCi/mL for compounds of plutonium soluble in lung fluid, based on bone
dose, and 4 x 10" uCi/mL for insoluble plutonium.) Corresponding limits for americium
were 6 x 10712 uCi/mL and 1 x 107'° uCi/mL, respectively (ICRP 1960). Floor contamina-
tion levels in the vicinity of the incident were up to 300,000 counts per minute per 100 cm?
(the same order of magnitude as that on the skin of the operator), and contamination was
spread throughout the entire plant. However, the glovebox operator involved had the high-
est contamination and was the only one who was found later to have measurable internal
activity.

Patient Evaluation and Medical Management. On the day after the accident, the com-
pany health physicist asked whether we could evaluate and manage the case. We had re-
cently obtained a thin-window, 2-inch-diameter x 1-mm Nal detector with a 0.005-inch-
thick aluminum window that would pass 96% of the 17-keV plutonium and americium L
x-ray spectra. We had been told that this detector would not have sufficient detection capa-
bility and that we should send the patient across the country to a specific national labora-
tory. Knowing our statistics, we knew that if we had the patient hospitalized for observa-
tion we could take many measurements with a smaller detector to obtain the same detec-
tion capability, and also have better spatial resolution as we moved the detector to different
locations on the patient’s body. We were prepared to make measurements around the clock
as necessary to avoid sending this patient far from home. We decided to accept the case and
prepare our laboratory for the evaluation.

Details of this case and a running account of the interpreted internal plutonium and
americium body content and distribution are presented in Brodsky et al. (1968). Only some
highlights indicating lessons applicable to responding to intakes from terrorist attacks are
presented here.

One of the valuable operating decisions was to use the multichannel analyzer in two
halves, so that spectra could be overlapped and compared on the same scale. This would be
easy with modern equipment. It is important to realize that the evaluation of each human
case is similar to a detective investigation; visual examination of all evidence is important
and cannot be replaced only by preprogrammed calculations. Many photographs were taken
of overlapped oscilloscope spectral patterns, which we pasted into notebooks in order of
time taken with notations. Spectra from the lung were calibrated to an approximate abso-
lute scale using a cylindrical plastic bottle filled with a 1-L solution in which 1 uCi of **Pu
and 0.044 nCi of *'Am were dissolved.

Fig. 20.1 shows a 20-min spectrum over the front right chest (top) and viewed through
the body with the patient prone on a cloth cot (bottom). The relatively high 17/60 keV peak
ratio from the front, with the much lower ratio viewed from the back, enabled the detection
of a new speck of contamination on the chest that increased chest count by a factor of
1,000. This speck of contamination occurred after the first DTPA treatment on d 5. Com-
parisons of the standard solution with the undershirt, after the shirt’s removal, and other
measurements showed there was a loosening of a speck of contamination on the scalp and
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Fig. 20.1. Spectra of contamination found on chest, d 5 postaccident, as viewed by 2-inch
diameter x 1-mm-thick Nal crystal detector from front right chest (top) and through back
(bottom). From Brodsky et al. (1968), with permission.

attachment to the front of the patient’s undershirt when he pulled the shirt over his head
that morning.

Fig. 20.2 shows a 20-min spectrum with the detector against the chest of the patient at
18 h postaccident compared to the spectrum with a control subject. The internal lung bur-
den is clearly measurable with this detector setup.

Early counts indicated that if the inhaled material was evaluated as **Pu there could be
about 0.4 pCi in the lungs. This amount would be about 10 times the “maximum permis-
sible body burden” of ICRP (1960) and would indicate, if translocated to bone, the delivery
of an average bone dose rate of about 300 rem per year. This finding was sufficient reason
for the initiation of chelation therapy.

By d 4 postaccident, information from fecal and smear analyses in our laboratory had
indicated that the dust inhaled was predominantly ! Am. Also, isotopic analysis later con-
firmed that the contamination was more than 85% 2*! Am. Evaluations of lung burden using
the 60-keV peak then ranged from 0.021 uCi **'Am after 1 d (which compares with the
then-recommended limit of 0.05 pCi *'Am that would produce a projected bone dose
equivalent to about 30 rem per year [ICRP 1960]) to 0.003 pCi by d 7, after 1-g DTPA
treatments on each of d 5, 6, and 7. With an effective half-life of 140 y as assumed in ICRP
(1960), once in bone the 50-y bone dose for a young person who incorporated about 0.02
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Fig. 20.2. Comparison of spectra of uncontaminated employee (control) with spectrum of
exposed technician 18 h postaccident. Vertical counts scale is logarithmic. Note that the
17-KeV x-ray peak is only in the third channel but is clearly significant compared to con-
trol counts in that region. Urgency in managing the patient prevented stretching the spec-
trum after a student had reduced scale and calibrated the set-up. This turned out to be
fortunate, since the multichannel analyzer later failed on the upper channels during the
evaluation. Adapted from Brodsky et al. (1968), with permission.

pCi *'Am into bone could be about 660 rem. A later case of pure americium inhalation
showed that the effective half-life in bone is more likely to be about 20 y (Rosen et al.
1980). (Present estimates indicate that any of these total bone doses from the americium
remaining after treatment would be well below the median threshold dose for lethality for
Class W weapons-grade plutonium of 19 Gy [1,900 rad, or 22,800 rem using the median
RBE of 12; Scott and Peterson 2003].)

The point should be made here that, although ICRP models of bone metabolism have
been revised drastically since 1960 to recognize that the target tissues in bone to produce
osteosarcoma are thin layers of cells on endosteal (and periosteal) surfaces (ICRP 1979),
the net result of permissible intake limit calculations must place these bone-seeking ele-
ments in the proper radiotoxicity category to agree with the already-determined experi-
mental ratios of activity required to produce bone sarcoma in animals. No bone sarcomas
have yet been attributable to these nuclides in humans. Thus, the resulting permissible
intake limits of ICRP (1960) and ICRP (1979) for plutonium are effectively the same
(Brodsky 1992). Further, the models of the ICRP Publication 30 report (ICRP 1979) are
more applicable to deterministic effects than later ICRP models (Scott and Peterson 2003).

Excretion analyses showed a high initial fecal excretion of 36,000 alpha disintegrations
per minute (dpm) of ! Am and about 57 dpm of »°Pu on the first day, with a negligible
amount in urine. The fecal excretion dropped sharply on the second and third days, as
would be expected from the lung models of ICRP, but then increased sharply following the
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DTPA administrations. This striking effect of the DTPA was somewhat surprising, since
expert opinion at that time was that both the plutonium and americium oxides in lung
would not readily be removed by these chelation treatments. Later cases validated that
americium oxides in soft tissues can be much more easily mobilized by DTPA than pluto-
nium oxides.

The initial amount of fecal excretion (0.016 pCi) and the remaining lung burden of 0.02
uCi after d 1 were considered to be in agreement within the range of ICRP models at that
time. This provided further confidence that the evaluated burdens were of the correct order
of magnitude. Within 22 d, the ' Am burden fell below 0.002 uCi. The patient was fol-
lowed for 4 mo with no further appearance of detectable 2! Am.

Lessons Learned

The following lessons are applicable to responding to attacks involving internal radia-
tion exposure of responders or members of the public:

1. Samples of contamination in the vicinity of exposed persons should be carefully col-
lected and preserved for use in the interpretation of human intakes.

2. Simple and inexpensive detectors and equipment can be adapted for use with multi-
channel analyzers, collimators to reduce background, and with prior calibration, for
use in triage (and even later follow-up) of persons exposed to plutonium and/or
transplutonium elements under emergency conditions. Larger detectors, or germanium
detectors providing sharper resolution of photopeaks (Kramer et al. 2003), are more
expensive and not as adaptable to determine relative spatial distributions of radioactiv-
ity in the body. Although a total count in a certain time might increase as the area of the
detector (for given thickness), the same total count obtained from multiple 20-min
measurements with a smaller area detector can also provide the same (or greater) de-
tection capability and more information on spatial distribution, since the minimum
detectable amount (MDA) (for paired 20-min background counts) may be estimated
by this formula (Brodsky 1986):

MDA = (4.65 S, + 3)/KT,

where
S, = standard deviation of total blank count (e.g., for total of 20 min)
K = detector calibration factor (e.g., counts per minute per microcurie spread
through a phantom lung (Kramer et al. 2003), and
T = total counting time in minutes, for each of the patient counts and for the

paired background count.

This formula for paired measurements was one of those recommended as a general
standard (Health Physics Society 1996) for comparing detection capabilities for differ-
ent measuring systems, although longer background counts might statistically provide
a slightly lower MDA. However, for emergency use, this simple formula and a paired
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background taken close in time to the patient measurement can be more practicable
and are not subject to the longer-term variations of control counts that might occur in
the presence of changing amounts of environmental contamination.

The results of this case showed that multiple measurements and examination of
Pu-Am spectra with 20-min counts of a 2-inch x 1-mm Nal detector against the chest,
calibrated with a bottle phantom containing known quantities of plutonium and ameri-
cium, can allow the detection of about 0.002 nCi of *'Am, or 0.03 uCi of *°Pu in the
human lung. (The maximum permissible body burden for lifetime exposure of workers
at that time was 0.05 uCi of ! Am or 0.04 uCi of *Pu [ICRP 1960].) Furthermore,
with 200-min counts (preferably 10 20-min counts) the detection limits can be reduced
to about 0.0007 uCi of ! Am or 0.01 uCi 2°Pu (ICRP 1960).

These values for plutonium compared with a detection limit of 0.016 puCi of #°Pu
in dogs, using a 52-detector arrangement for total body counting (Swinth and Griffin
1970). Toohey et al. (1983), using large Nal crystals and anatomically humanoid phan-
toms, reported limits of detection (at 95% confidence) for activity in the lungs of an
individual with average chest wall thickness (28 mm) of about 0.035 uCi of pure »°Pu
and less than 0.0003 pCi of 2*!Am. The isotopic ratios must be known for a mixture,
since the relative x-ray emission for **°Pu per alpha decay is over twice that of **Pu,
and that of *' Am is almost 10 times that of *Pu. If **!Am is in abundance of at least
0.01% by mass, it can be used as a tracer for plutonium when isotopic ratios of the
nuclides are obtained by alpha spectroscopy of samples taken soon after an exposure
(Toohey et al. 1983).

These detection levels were obtained within a special steel room that reduced
background radiation in the region of interest, and with the patient on a cloth cot that
had been checked for background radioactivity. However, under emergency condi-
tions, a thin Nal detector could be contained within a lead or steel shield collimator in
the field to obtain similar detection levels, since, for a control subject background
count, the 60-keV and 17-keV spectral regions for americium, and the 17-keV region
alone for plutonium, would be relatively flat (see Fig. 20.2).

Although more precise measurements today require corrections for chest wall thick-
ness (Kramer et al. 2003), auxiliary studies (Bukovitz et al. 1969; Bukovitz and Brodsky
1970) with human cadavers showed that, if the fraction of americium is determined
and used to assist in interpreting plutonium quantities, the 60-keV gammas of ameri-
cium originating throughout the lung scatter, even in the backward directions, so that
most of them stay within the region of interest around the 60-keV peak as they interact
with the detector. Compton scattering does not seriously deplete the energies of first-
or second-scattered quanta at 60 keV. Also, the photoelectric absorption of rib bone is
still not high enough to greatly shield the detector from material in the lung. Surpris-
ingly, some measurements in the 60-keV region, for americium sources in tubes in air
simulating dispersal in a lung, gave a ratio of 1.02 times the count of an equivalent
total concentration in the lung of the cadaver (Bukovitz and Brodsky 1970).
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3. Predetermined models and algorithms for estimating internal dose should allow flex-
ibility of input parameters that might not exactly follow those used in ICRP calcula-
tions of intake limits. Models for dose calculation should be adapted to the rates of
translocation, distribution, and excretion determined from each patient’s measurements.

4. Persons by quick action (or breathing through four folds of handkerchief) can escape air
concentrations that are more than 10,000 times higher than the permissible limits for
routine occupational exposure to the most radiotoxic nuclides, and have nasal con-
tamination on the order of 100,000 alpha dpm per smear (Brodsky and Lessard 1988),
and still not have high expectation of harmful effects—particularly if managed by
appropriately informed physicians and health physicists.

Glovebox Explosion Involving Nitrates of **Pu and **'Am

Initial Scenario. Another accidental exposure evaluated in 1966 involved a glovebox
explosion that released compounds of plutonium and americium that were more soluble in
lung fluids (Wald et al. 1968). This case exemplifies the uncertainties in initial information
that are sometimes presented to those managing an emergency evaluation.

In this case, the external contamination was spectacular. Alpha count rates on the patient
by Eberline PAC 3G and PAC ISA proportional counters were up to 10° counts per minute,
corrected to about 50% geometry, and as high as we could read. Removable contamination
was all over the body, with maxima of 10,000 alpha counts per minute on the face and
20,000 on the legs, as measured on smears of approximately 100 cm? areas placed in a gas-
flow proportional counter at about 50% efticiency. (Skrable et al. [2002] have suggested an
action level for wearing personal air samplers of 6,000 alpha dpm per 100 cm? on surfaces
in the workplace.) These measurements were made after the patient had been decontami-
nated at the site, had undergone further decontamination at the local hospital, and was
finally brought to us. We thus needed to find better ways to decontaminate his skin. His
external contamination was subsequently treated further for a period of 12 h. Phisohex and
other agents were not effective, but the contamination was finally reduced very sharply
with the use of a chelating solution developed by Dr. Jack Schubert of our faculty. Schubert’s
solution was designed to remove the plutonium and americium from skin without causing
skin damage. The formulation was reported in our paper and is given in Table 20.1.

This patient had the additional complication of wounds: two cuts on the right hand that
were sutured at the first medical treatment site. The wounds served as a residual depot of
the radioactive material. They were small lacerations of the fourth and fifth fingers. The
scar tissue was subsequently excised because there was continued high activity in the area,
and a radioautograph of the histological tissue section (shown in Wald et al. 1968) demon-
strated a very diffuse distribution of the material.

Our initial in vivo measurements were made 1 d after the incident. The data are pre-
sented in Table 20.2. In this case, we were initially in error on the low side in estimating
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Table 20.1. “Schubert’s Solution” for skin decontamination.?

Tartaric acid 30gL’ 0.2 M)°
Citric acid 4.2 0.2 M)°
Disodium DTPA or EDTA 8.0 0.2 M)°
Calcium chloride 22 0.3 M)

2Adapted from Wald et al. (1968).
®Adjusted to pH = 7 with concentrated NaOH.

only 0.4 nCi of plutonium. We did not have any idea at the time of the first measurements
of the ratio of Pu:Am; we assumed it to be 1:1 in activity, based on information supplied by
the company involved in the incident. It actually turned out that the initial body deposition
would have been on the order of 2 uCi of combined alpha activity of *°Pu and **' Am. The
correct ratio of Pu:Am was about 9:1 (the ratio is backward in our publication), as deter-
mined from an air sample taken at the time of the incident. Thus, the initial estimate, based
primarily on the 60-keV peak of americium, was multiplied by 5 to obtain an initial esti-
mate of 2 puCi of plutonium plus americium alpha activity. This initial burden of these two
alpha emitters was projected to produce, after total translocation from the lung, an initial
bone dose of about 1,500 rem per year (ICRP 1960). Thus, DTPA treatment was deter-
mined to be medically indicated, if effective. The next measurements presented are at 60 d
and over the time period from 70 to 130 d, during which the body content fell gradually.
Repeated DTPA treatments were given during this time.

The urinary excretion data are shown in Fig. 20.3. The excretion was influenced by the
intake of a more soluble plutonium compound than that encountered in the first case above,
including that localized in the lungs and that in the wounds. The americium curve is similar
to that for plutonium over the time span indicated. The influence of chelation therapy is
evident, on dates indicated by the upward-pointing arrows in Fig. 20.3. The urinary data
indicated that there was still a residual body burden after 130 d and treatment with a total of
11 g of DTPA (Table 20.2). The lung component of this body burden could still be

Table 20.2. Sequential estimates of body burden for intake of Pu-Am acid solution.?

Time postincident Total body burden Systemic burden estimated
estimated from **' Am peak from urinalysis

1d 0.4 uCi “’Pu + **'Am Only rough checks available

(should have been 2 nCi)

60 d (after 10 g DTPA 0.3 puCi (x or/ 2) 0.5 pCi (x or/2)

over 3 mo)

70-130 d (after 11 g 0.2 pCi (x or/ 2) 0.13 puCi (xor/2)

DTPA)

* Adapted from Wald et al. (1968).
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Fig. 20.3. Urinary excretion (alpha disintegrations per minute excreted per day) after single
exposure to inhalation and injection of Pu-Am acid solution, with DTPA treatments indi-
cated by upward-pointing arrows. These are the data, along with limited fecal data, used to
estimate the quantities in the right-hand column of Table 20.2. The sloped line represents
an exponential function fit to the ordinates 9,000 at about 1 d and 100 at 60 d, approximat-
ing daily urinary output just before the first DTPA treatment and well after the last, respec-
tively. The average increase in excretion rate after a single DTPA infusion is seen to be
about 5 to 7 times the base excretion rate without treatment. Data are reproduced from a
copy of Fig. 3 in Wald et al. (1968).

measured by localized external counting for up to 1 y after the accident. Thus, the rapid
translocation from the lung expected from these nitrate compounds of plutonium and am-
ericium did not materialize. Compounds that were classed as “soluble” in ICRP (1960)
were assumed to have 0.25 of the intake taken up to blood from lung in about 1 d. Com-
pounds that were soluble in water and deemed relatively soluble in lung fluids were found
to complex in the lung, and the half-lives of plutonium in the lungs of dogs were found to
be 500 d or more (Cember 1964; Stannard 1988).

This incident, as well as several others, showed that it was possible to use the Langham
urinary and fecal excretion equations (Langham et al. 1950; Langham 1956, 1957) and the
Beach and Dolphin (1964) empirical formulations of excretion vs. intake to obtain at least
the correct order of magnitude of the early systemic burdens using the urinary and fecal
data taken during the early months. The Beach and Dolphin (1964) and Healy (Healy
1967; Nelson 1972) formulations better approximated cases of less soluble material ini-
tially inhaled into lung that more slowly translocates to systemic circulation over time.

The simple Langham urinary function is

Y(t) = 0.2 t074,
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where Y(t) is the fraction of an initial bolus entering the blood on d 1 (by dissolution from
the lung on d 1, or by injection) that appears in a 1-d urine on day t. Functions fitted to
measured decreases in initial lung burden may be convoluted mathematically with Y(t) in
order to relate urinary outputs with total translocations to the systemic circulation (as done
by Healy [1967] for assumed exponential elimination from lung). This Langham function,
combined with fecal and in vivo data, was most useful in assessing intakes from excretion
in the early cases at the University of Pittsburgh. Moreover, this simple urinary excretion
function is still within about a factor of two of those more recently used ICRP and other
excretion models for up to about 10,000 d (ICRP 1979, 1980, 1993; Raabe 1994;
Khokhryakov et al. 2002).

In Fig. 20.3, an exponential function has been fitted to the urinary excretion of pluto-
nium over a 60-d period, generally using points before or well after DTPA treatments. (The
absolute excretion quantities on this plot do not follow the simple Langham function, since
there is no single systemic uptake but a long-term translocation from the lung. Also, the
Langham equation gives the fraction [not the absolute quantity] of an initial uptake to
systemic circulation that is found in the urine on day t. Use of the Langham function with
these data indicated that, without DTPA, only about 1 to 2% of the lung burden of pluto-
nium was transported to the system per day, even though the inhaled material was believed
to be nitrate salts.) The approximately five times increase (average) after each DTPA
treatment is evident; the DTPA effectiveness in removing plutonium and americium from
blood (and to a large extent from soft tissues such as in liver) was determined later by a
much larger series of measurements on another patient (Rosen et al. 1980). Thus, a “diag-
nostic” injection of DTPA was used to obtain an early indication of potential plutonium or
americium systemic uptake. In the early days, rough initial estimates of plutonium uptake
into blood were obtained under the assumption, recommended by Dr. W. D. Norwood of
Hanford, that DTPA increased plutonium excretion by about a factor of 50 on the day
following treatment. The increase in urinary excretion of americium was a much lower
factor (about 5 to 7); americium was later found (by us and others) to be more transportable
from lung to systemic circulation and into urine than some analagous oxides of plutonium,
even without treatment.

This chapter uses documentation from some of the authors’ own experience. There are
now hundreds of papers in the literature with which future cases can be compared in order
to obtain initial assessments of plutonium or americium intakes in individual cases where
data become available (Raabe 1994; Bolch 2002; Kathren et al. 2003). Our own experi-
ence, as shown by medical examinations and radiochemical data, also indicated that even
long-term, repeated, weekly injections with DTPA, especially when complexed with zinc,
did not perceptibly harm the patient or his or her normal physiologic processes involving
plutonium or americium (Slobodien et al. 1973; Rosen et al. 1980). The DTPA treatments
were effective, as expected, in removing a portion of the body content of either americium
or plutonium once the nuclides were in the systemic circulation or soft tissues. DTPA also
helped translocate oxides of americium from the lung to some degree, much more so than
for plutonium. The retention and translocation of plutonium and americium in soft tissue
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and bone compartments is now represented by detailed, physiologically based mathemati-
cal models that take into account the findings of this case (Rosen et al. 1980) and much
additional human and animal data (ICRP 1993).

Management lessons learned from this case, as well as the first, are included in the
original paper (Wald et al. 1968); many of these same lessons are pertinent to the prepara-
tion of medical facilities expecting to evaluate and care for persons severely contaminated
by a terrorist attack. There were long time periods between some of the urinary measure-
ments, due to overloading of commercial laboratories that were not accustomed to analyz-
ing many samples containing high amounts of plutonium and americium. This delayed
decisions about DTPA effectiveness to some degree. In addition, the patient developed a
paranoid outlook and for some periods did not trust anyone with his urine and did not
supply samples. This represents a complication in managing radiation injury. The patient
actually underwent an episode that required psychiatric treatment. A suspected contributor
to this complication was the fact that a number of different physicians—the plant physi-
cian, hospital physicians examining the patient before he came to the university hospital,
and others—might have presented different versions of his prognosis and consequent treat-
ment.

Lessons Learned

The following lessons (summarized from Wald et al. 1968) are applicable to responding
to attacks involving radioactively contaminated patients:

1. Analytical laboratories should be part of the medical-university or other center
equipped to manage radioactively contaminated patients, or contractual arrange-
ments and plans for performing all of the measurements and treatments necessary
should be made between coordinated laboratories and hospitals in the same vicin-
ity. Teams of physicians and health physicists must be organized, with assigned
tasks and responsibilities, in advance of any need to receive contaminated patients.
However, in any case, measurements of the 60-keV peak of americium with thin,
shielded Nal detectors, together with estimates of plutonium/americium ratios taken
from contamination or nose swabs of the patient, will probably be useful for triage,
to distinguish those patients at significant risk from those who are not likely to
sustain acute or long-term clinical effects.

2. Langham’s equations can be used in the several months after exposure to aid in
interpreting both americium and plutonium uptakes to the systemic circulation.
After test or therapeutic doses of DTPA, the excretion rate in urine collected the
next day can be expected to rise by a factor of up to 50 for plutonium and up to 7 or
8 for americium.

3. Even with this form of plutonium soluble in water, most of it remained complexed
in the lung after initial treatments of DTPA, and a measurable amount was in the
lung after 2 y. However, the treatments were apparently effective in reducing the
total body burden of plutonium and americium substantially (see Table 20.2).
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Inhalation of Metallic **Ir

Initial Scenario. Two employees of a local Pittsburgh area industry accidentally in-
haled insoluble particles of '?Ir on 14 January 1967 and were kept under periodic examina-
tion for 2 y in the University of Pittsburgh whole-body counter (Brodsky et al. 1967; Cool
et al. 1979). An additional employee inhaled smaller quantities and was also followed over
a limited time.

The inhalation incident occurred about 11:10 a.m., 14 January 1967, when a hot cell
technician, seeking to open a capsule containing 2,000 Ci of '*?Ir pellets, accidentally cut
into eight of the pellets. Just prior to introducing the iridium into the cell, the technician
and his helper had adjusted the hot cell ventilation so that negative pressure was lost. They
had inadvertently blocked off the main exhaust to increase the air flow through a local
exhaust hood that increased air capture velocity at the cutting saw. About 75 Ci of ""*Ir
were released from the source in the cutting process. Most of this material remained in the
hot cell. However, as a result of the loss of negative pressure within the cell, about 2 Ci
escaped through the slave arm and other penetrations. The general air samples in the hot
cell operations area were stated to indicate an exposure of 125 MPC-hours equivalent, but
subsequent whole-body counts indicated that much more radioactivity was inhaled by the
two employees involved.

The iridium was apparently inhaled as submicron-sized particles of metal, with perhaps
some oxide produced in the cutting process. A submicron aerosol was indicated because
the exposure occurred on the operating side of the hot cell from material that was carried
by entrainment in air streams that back-flowed from the hot cell through the openings in
the hot-cell walls. Also, the aerosol was apparently diffused through the air breathed at the
operating face and was invisible to the exposed workers. They went to lunch contaminated
without knowing about their exposure. They returned to the plant about 2 h after the expo-
sure and then checked their hands on a beta-gamma monitor. (An alarm was later placed in
the operations area.) Thus, it is assumed that the two workers under examination were
exposed to the same respirable aerosol for the same amount of time.

Patient Evaluation and Medical Management. The employees were decontaminated
at the plant and were sent to the University of Pittsburgh whole-body counter about 8 h
after the initial exposure. When they arrived at the facility, they were stopped outside the
operations area, to avoid possible contamination of the in vivo counting facility, which was
shielded and ventilated to maintain background levels about one-fiftieth of normal gamma
background in the vicinity.

Measurements with portable scintillation-counter and GM-counter survey meters, at
about arm’s length, immediately indicated that one of the employees had an internal total
body burden on the order of 1 to 2 mCi, and that his coworker had about one-third of this
burden. (One mCi of *Ir was then considered to be the equivalent of an 8,000 MPC-hour
exposure [ICRP 1960].) These quantities could not be accounted for by external contami-
nation, even though external contamination was still too high to allow them to enter even
our counter operations area containing the steel room and in vivo equipment. This case
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again showed that decontamination at the plant could not be relied upon to accept patients
for entry into a low-background counting facility. The workers were sent into the separate
shower rooms to derobe and continue removing external contamination until very little
more was removable. They then donned special robes and booties.

Immediate steps were undertaken at further decontamination and laxatives were given
to accelerate passage of the contaminant through the GI tract and to reduce the GI tract
dose. Calculations of possible GI tract and lung doses based on initial gamma intensities
indicated that serious exposures might be incurred. All fecal and urinary excreta of the two
higher-exposed individuals, except for spurious losses, were collected and the individuals
were hospitalized for several days for further medical diagnosis and body burden evalua-
tion. No chelation therapy was administered since none of the known therapeutic agents
was expected to be effective against iridium metal, which is very insoluble in water and in
all except the strongest acids. Thus, we waited to see whether ciliary and gastrointestinal
clearance might remove enough material so that subsequent radiation exposures would not
likely result in injury. External measurements with portable survey instruments already
indicated at 10 h postexposure that a considerable fraction of the inhaled material had
entered the stomach and low portions of the gastrointestinal tract.

Since such large burdens were present in these individuals, we decided to begin more
precise body burden evaluations by having each individual stand outside the steel room on
a marker at 8 feet from a 5-inch x 4-inch Nal crystal. There was no need for greater detec-
tion sensitivity with the quantities of activity in these two individuals, nor would it be
appropriate to risk the removal of any additional contamination within the steel room. With
this geometry, 1-min counts were taken for each patient facing the detector, with 1-min
paired counts with each patient’s back to the detector.

Since there were no immediate '*’Ir standards available, early burden estimates during
the first day were made within a factor of three from known detector sensitivities and from
the specific gamma-ray exposure rate of '!Ir, as measured with calibrated survey meters.
(A specific exposure rate of 100 mR-h" at 1 cm was calculated at that time to be associated
with a point source smear of 19.6 nCi. Many more measurements of exposure rates from
92[r sources with different shapes and encapsulations have since been published in the
medical physics literature. Probably the best current value for a bare point source is now a
specific exposure-rate constant of 3.97 R-cm?-mCi'-h! [Attix 1986], which translates to
an exposure rate of 77.8 mR-h! at 1 ¢cm for 19.6 uCi.) Relative measurements were con-
trolled by counting at 8 feet a smear from the incident, sealed in a plastic bag, and corrected
for the 74.2-d (Attix 1986) radiological half-life of '*?Ir. Initial corrections for body self-
absorption were obtained by averaging measurements of the smear placed in front of, and
behind, each patient, or a water phantom of appropriate thickness. These procedures show
the necessity to improvise calibrations for unexpected geometries and radionuclide expo-
sures to deal with very high initial burdens in serious exposure scenarios.

Later, when "?Ir standards were obtained, more precise measurements were obtained
with lung phantoms by matching spectra of lung phantoms and patients, using the several
convenient gamma-ray lines of '*’Ir. Still, the feasibility of obtaining adequate assessment
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for triage under emergency conditions, using simple calibration methods quickly adapted
with contamination samples, was demonstrated with this exposure-assessment scenario.
Even without a steel-shielded room, the gamma-ray intensity from these patients could
have been initially assessed for a number of weeks with any degree of makeshift shielding.
The decrease of lung burden in these cases followed closely the 74.2-d half-life of '*’Ir for
many weeks (Cool et al. 1979).

After a period of several weeks and the assurance that no additional removable contami-
nation would be shed within the steel room, the patients were counted both in a standard
chair geometry within the steel room as well as at the 8-foot position. In this way, an
accurate transfer of relative body content measurements was possible for increasing the
accuracy of relative rates of clearance over a period of many months.

With the unusually high lung content of a gamma emitter in these patients, it was also
possible to obtain lung scans with a Picker Magnascanner in the Nuclear Medicine Depart-
ment of Presbyterian-University Hospital. The lung scans over several weeks showed a
pattern typical of a uniform distribution of these submicron iridium particles throughout
the lung alveoli for the several weeks over which the scans were taken. This information,
together with material balances from fecal and in vivo measurements, showed that the lung
retention of the two patients after 24 h was 6 and 13%, respectively, of the initially inhaled
amount, the remainder exhaled or cleared through the fecal route with no urinary excre-
tion.

These data were at the time compared to the ICRP (1960) model assumptions of 12.5%
for the retention in the lung after 24 h of an inhaled quantity of 1 micron activity-median-
aerodynamic-diameter (AMAD) “insoluble” particles. By the 1960 model, half of the quan-
tity of an “insoluble” material initially deposited in the lung (25% of that inhaled) would be
swept up in 1 d by mucociliary clearance and swallowed. These percentages from the 1960
model may also be compared with those of the 1966 ICRP model: 63% of the inhaled 1
micron AMAD particles are deposited, but 38% of the inhaled Class Y material, which is
deposited in the nasopharyngeal (NP) and tracheobronchial (TB) regions, is swept into the
GI tract in about the first day or two; also 0.4 of the 25% of inhaled material that is depos-
ited in the (deep) pulmonary (P) region of the lung is removed to the GI tract with a 1-d half
time. Therefore, at about 1 d, only 15% of the inhaled Class Y material will remain in the
deep lung, compared to the 12.5% in the 1960 model (ICRP 1966, 1979, 1980, 1981 [see
addendum for corrections]). The ICRP 1966 model was used in developing current regula-
tory standards in the United States (Brodsky 1996).

The more recent lung model (ICRP 1994) is too complex to assign general deposition
fractions to large lung compartments, since it is designed to take into account many vari-
ables distributed in range such as particle size, breathing rates through nose and mouth of
different breathers, and many other factors that might apply in particular situations, with
the added provision of estimating uncertainty distributions in dose. However, a measure-
ment within minutes or hours of the gamma radiation emanating from the body together
with measurements of amounts in excreta within the first few days of exposure would also
provide an early estimate of the amount inhaled. The inhaled amount, after following
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individual translocation patterns for several days, might allow early estimates of the long-
term internal doses and risks using current computer models incorporating the newer lung
model, or using dose conversion factors provided in the appendices to this text.

If the measuring detector also views the nasopharygeal (NP) region, the remainder of
interest from the 1966 model is 41% remaining of the total of 63% deposited in all of the
NP, TB, and P regions of a quantity of 1 um AMAD particles inhaled. It is apparent that the
ICRP was cautious to not underestimate doses to lung from retained radionuclides that
would remain in the pulmonary spaces for long periods of time. Of course, the default
values of the 1966 model (or other models) might not apply to many individuals, so it is
safer to collect all fecal material excreted over at least the first week after intake, and use
the total fecal excretion to check model predictions using a material balance with measured
quantities remaining in the lung. Also, consideration must be given to the possibility of
contributions in these measurements from cleared material that might still be seen by the
detector from positions in the alimentary tract. However, for all of these models, including
the ICRP-66 model (ICRP 1994), it is seen that collecting total fecal excretion for the first
few days, and multiplying the excreted activity by about a factor of two, will provide an
early estimate of the order of magnitude of the inhaled quantity of Class Y material, which
will allow an early assessment of lung dose together with confirmation of retention half-
life by in vivo measurements.

It should be pointed out that there were no other adequate human data available to assist
in the assessment of this case at that time. An earlier incident involving '*Ir metal inhala-
tion was not assessed for over 1 mo, so no activity measurements were obtained in that
case. ICRP (1966) assumed that the half-life of iridium in the human would be 14 d based
on the injection of soluble iridium compounds into rats. Later, the ICRP-30 reports (1980)
misinterpreted and referenced our early report (Brodsky et al. 1967) to list "*’Ir compounds
in Class W. Our long-term measurements, as indicated above, showed no biological re-
moval of iridium from the lung after initial mucociliary clearance and no measurable 'Ir
in the urine, despite the large initial depositions in both cases. (Measurements of urine
detected no "Ir and showed that there was less than 10 puCi excreted in urine per day,
which was less than one-millionth of the remaining lung burden per day. Fecal measure-
ments after 3 d and up to several weeks indicated fecal excretion of less than 107 uCid™'.)
Statistical interpretation of the long-term data indicated that the biological half-life of me-
tallic iridium in the lung, even as submicron particles, was at least as great as about 700 d,
and possibly infinite (Cool et al. 1979).

The final estimates of weighted committed dose equivalent to the two individuals were
10 rem and 4 rem (Cool et al. 1979). Using the equilibrium dose constant for all beta and
electron radiation of A = 0.454 rad-g-uCi!-h! and the dose schema of the Medical Internal
Radiation Dose (MIRD) Committee of the Society of Nuclear Medicine (Weber et al. 1989),
the lung dose from electron radiation based on an estimated 1,000 pnCi in lung from the
survey meter measurements, the 74.2-d half-life, an absorbed fraction of 1 for betas and
electrons, and 1,000 g of lung, would be:



352 Brodsky and Wald

Lung dose, beta = (1,000 x 1.44 x 74.2) x 0.454/1,000 = 48.5 rad,

which, for a tissue weighting factor of 0.12 (ICRP 1979, 1991), would be about 6 rem
weighted committed dose equivalent (ICRP 1979, 1980, 1991). The gamma dose to the
lung, using the MIRD formulation and A = 1.72 for gamma and x rays (Weber et al. 1989),
and a specific absorbed fraction of ® =5 x 107 in the 0.2 to 0.5 MeV gamma energy region
(Cember 1996):

Lung dose, gamma = (1,000 x 1.44 x 74.2) x 1.72 x 5 x 10 = 9.2 rad,

and 1.1 rem weighted committed dose equivalent. The total dose for an initial lung burden
of 1 mCi, as estimated from survey meter measurements at arm’s length, is according to
MIRD schema calculations a weighted committed dose equivalent of about 7.1 rem, in the
middle of the range estimated by Cool et al. (1979) for the two patients. A threshold dose
of 2,000 rem to the lungs of dogs to produce lung cancer by plutonium dioxide was ex-
trapolated by normalization of times to life spans to an average dose rate threshold for
humans of 11 rad per year (220 rem per year) after inhalation in early life (Raabe and Parks
1993). By comparing this to a conclusion by Howe (1995) that the relative biological effec-
tiveness of alpha radiation to x-radiation of the lung (in human patients) is closer to 4 than
20, this would make an estimated threshold dose rate for low LET radiation to be closer to
44 rem per year (Brodsky 1996). It also appears, from probability of causation (PC) tables,
that these two workers’ lung exposures, though easily detected even with survey meters,
would not lead to high retrospective PCs of lung cancer during their lifetimes (Brodsky
1996, pp. 70-81).

Lessons Learned

1. An early estimate of the maximum lung dose or dose equivalent commitment (ICRP
1991) for triage can be obtained by survey meter measurements of inhaled gamma
emitters, if obtained within hours after inhalation. (See appendix for list of gamma
or x-ray exposure rates at 1 m [arm’s length] from point sources for radionuclides
more likely to be encountered in accidental releases or intentional radioactivity
dispersing devices [RDDs]. Also, see appendix for lists of internal dose conver-
sion factors per unit activity inhaled.) An approximate initial correction for ab-
sorption of gamma intensity within the chest area can be obtained by using mea-
surements of a thin smear sample of the same contamination, placed in air and in
front of, and at the back of, an uncontaminated individual of similar body charac-
teristics to the person being evaluated. The average self-absorption of the lung and
ribs for material spread throughout the lung can be approximately corrected for by
plotting the count-rate of the detector (at some appropriate distance) for the source
in front of, and behind, the chest on semilog graph paper and taking the attenuation
at the mid-point of the body as the divisor for correcting readings for comparison
with point-source-in-air calibrations. Longer-term follow-up with more sensitive
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detectors in rather simple measurement geometries can provide more precise de-
terminations of internal dose from radionuclide forms that are relatively insoluble
in lung fluids.

2. Two individuals of the same sex and approximate age can differ by a factor of two
or more in their initial lung deposition from exposure to a similar atmosphere con-
taining widely dispersed submicron particles. Moreover, one individual had a higher
lung clearance rate during the first 24 h and a higher elimination rate (in feces)
than the other, but the long-term measurements reversed that picture (Cool et al.
1979).

3. Rates of lung clearance, and other parameters for standard man, used in ICRP
reports are invaluable for calculating safe (conservative) limits of exposure. How-
ever, they are not necessarily applicable to the determinations of intake and inter-
nal dose for an individual in any particular exposure scenario. In vivo and excre-
tion measurements on the individual must be made initially, and for at least several
days, in order to obtain an approximate indication of internal dose commitments.

4. On the other hand, although long-term examination of individuals who inhale mate-
rial extremely insoluble in lung fluid is still necessary to evaluate with greatest
accuracy their long-term dose commitments, immediate triage from initial mea-
surements is not likely to be effectively contradicted by the long-term evaluations.
Experience shows that it is not generally probable that an individual in an expo-
sure situation will have an intake that is just within the range of uncertainty of
initial determinations and also likely to result in short-term or long-term health
effects.

Glovebox Accident Involving Plutonium-Americium Contamination
and Hand Amputation

Initial Scenario. This accident involved an individual with a limb cut off in a glovebox,
with enough plutonium-americium contamination around the region of amputation to re-
sult in millions of rem to bone and other organs if an appreciable amount of the contamina-
tion were to enter the systemic circulation (Brodsky et al. 1972). A description of this
accident, and its radioactivity evaluations and medical procedures, shows how such a situ-
ation can be managed in order to avoid serious internal exposure of the patient or of per-
sonnel involved in his decontamination and medical care.

On Thursday, 14 December 1967, an employee of a Pittsburgh area firm working in
plutonium fuel fabrication reached for an item in his glovebox and his glove was caught by
a milling machine that tore off his right hand (see Fig. 20.4). Soon after the accident, at 6
p.m., the Radiation Medicine Unit at Presbyterian-University Hospital received a call that
an injured employee (we did not know of the amputation) was on his way to the hospital
and was possibly contaminated with plutonium and americium.
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At 7 p.m., an ambulance arrived with the patient, driver, and a health physics technician
from the plant. The ambulance was directed to the morgue entrance; the morgue contained
the only tables available for examination and collection of contaminated wash water, and it
was distant from the necessarily contamination-protected, low-background, in vivo count-
ing facility. The patient was surveyed for external contamination while in the ambulance.
No widespread removable contamination was found, so the patient was brought in and
placed on a decontamination table. We learned that the patient had lost his right hand at the
wrist. The patient was relatively calm and cooperative, and requested a drink of water.
Within minutes after the patient arrived, the medical director of Radiation Medicine ar-
rived, and a surgeon was notified. By 7:15 p.m., the company president arrived and asked
whether the hand had also been brought to the hospital. He was very disturbed when he
learned that the hand had not arrived, since the surgeon had informed us that the earliest
possible anastomosis (reattachment) of a severed limb improves chances for a successful
graft. He expressed a continuing concern that the hand be found and brought to the hospital
immediately. The assistants who came with the patient said that the hand had fallen into the
contaminated glovebox, and they did not know whether it had been removed. At this time
(7:30 p.m.) the plant health physics supervisor (Roger Caldwell, deceased, who later re-
ceived the Elda E. Anderson Award) arrived with the contaminated hand wrapped in plas-
tic in an ice bucket.

The hand was immediately counted with a Nal crystal while in the ice bucket. The
patient was then dressed in a hospital gown and rolled on a stretcher to the whole-body
counter on the floor above. For convenience to the patient, doors to the steel room were left
open, and the patient’s stump was counted near the doorway, with a 5-inch D x 4-inch Nal
crystal, with a 2-inch D, 0.005-inch-thick Al window, pointed toward the patient. The x-
ray and 60-keV gamma spectra immediately told us (by 8 p.m.) that there could be up to
several thousand “maximum permissible body burdens (MPBB)” (ICRP 1960) of Pu-Am
present, most on the hand and stump. An initial estimate from the company president that
the plutonium in the glovebox contained 600 ppm of americium (an 2*' Am/Pu ratio activity
ratio of 0.032) then indicated that the Pu-Am mixture could be up to tens of thousands of
times the maximum permissible bone burden (ICRP 1960). Such an amount, if entering
bone, could result in bone dose commitments in the tens of millions of rem, according to
the ICRP (1960).

In order to save time while the patient’s arm stump was being counted, the hand was
taken (8 p.m.) from the whole-body counter to decontaminate it, debride the tissues near
the wrist, and prepare the hand for reattachment. Counting information was given to the
physicians as it became available, so they could continuously weigh the benefits of
reattaching the hand vs. the risks of an internal burden of Pu-Am. Chances for a successful
graft were estimated by the surgeon as 5 to 10%, decreasing to zero for any delay beyond
about 9 to 10 h. Time was of the essence.

Additional measurements on the stump and debridements indicated that 20% of the
activity on the stump had been removed. The remaining contamination on the hand and
stump was still more than 100 times the MPBB. Cleaning and debriding the hand had
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lowered surface contamination to about 10 nCi based on the health physicist’s preliminary
estimate of an Am/Pu of 0.1 (later measurements of the activity ratio indicated by 3:30 a.m.
that the remaining activity was 4 pCi). This remaining activity was still more than 100
MPBB, but the contamination was then believed to be relatively fixed on the skin surface.
No early urinalyses were available, but gross counts of excreta and the nature of the inci-
dent indicated that the internal body burden was at this time insignificant compared to the
activity fixed on skin surfaces.

At 12:40 a.m. on Friday, 15 December, the difficult decision was made by the patient
and his family, as well as the involved physicians and health physicists, to reattach the
hand—despite its excessive residual radioactivity. Considerations included the youth of
the worker, his right-handedness, location of the radioactivity, the availability of DTPA
chelation therapy, and the likelihood of the patient’s availability of multiyear observation.

Most measurements had been performed concurrently with preparations for the reat-
tachment. The emergency had required key members of the medical and health physics
staff to be available and in constant control of procedures into the night after a full day’s
work. The surgeon worked through the night reattaching blood vessels and suturing to-
gether the hand and stump.

At 1:30 a.m., about 8 h after the accident, the hand was perfused with saline and DTPA
solution. Also, 1 g of DTPA was administered intravenously to the patient to immediately
chelate any plutonium or americium that might enter the system. Then the rejoining opera-
tion began. Surgeons were requested to retain for survey any instruments coming into
contact with the contamination, and to discard any wastes that might be contaminated into
a plastic bag. Health physicists observed the operation from the balcony. The main arteries
and veins of the hand and arm were rejoined and blood flow was restored to the hand. The
operation was completed about 5:30 a.m., and health physicists collected wastes and checked
contamination in the operating room from 6:30 to 7:30 a.m. Plutonium-americium con-
taminated wastes were sent back to the company, and slightly contaminated surgical in-
struments were taken to the University Radiation Safety Office for successful decontami-
nation. The operating room was approved for routine use within a few hours. None of the
hospital or surgical staff was found to be contaminated. These details provide an idea of the
amount of time and effort needed to manage one highly contaminated and injured patient.

On Saturday, 16 December, the patient was taken to the whole-body counter and the
reattached hand and arm were counted again, as shown in Fig. 20.4. Spectra were corrected
for body potassium background by taking measurements with the hand shielded from the
detector. The total contamination had not been reduced appreciably at that point by the
reattachment operation.

Unfortunately, circulation in the fingers of the reattached hand did not improve quickly
enough for tissue survival, so the hand was reamputated at 3:00-3:15 p.m. on Monday, 18
December. The hand was infused with formaldehyde and recounted after amputation, show-
ing about 4 nCi (about 100 MPBB) still on the surface. Spectral shapes of the x-ray and 60-
keV region from various orientations indicated that the contamination was still on the skin
surface. Since reamputation of the hand was done approximately an inch higher than the
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Fig. 20.4. Photograph of patient being
counted for *' Am contamination in a lawn
chair with stump 17 cm below the window
of a 5-inch D % 4-inch Nal(Tl) crystal, 19
December 1967. From Brodsky etal. (1972),
with permission.

original accidental amputation, the reamputated hand turned out to contain practically all
of the remaining contamination.

On Tuesday, the patient was brought to the whole-body counter and the activity on the
stump was remeasured. The spectrum from the stump at 17 cm below the 5-inch D x 4-inch
crystal showed only 0.008 pCi of ' Am remaining on the stump. The spectrum of the 8-
inch D x 4-inch crystal against the patient’s back indicated that there was no appreciable
lung or systemic burden (less than 0.002 pCi of *'Am). After the first 2 d, there was no
measurable plutonium-americium activity in the urine, so either no activity had entered the
system, or whatever had entered during the reattachment operation had been chelated and
removed by the DTPA. Further measurements of alpha surface contamination on the skin
indicated that the small remaining skin contamination was removed when the last scab
separated from the skin surface on 30 January 1968. Further whole-body counter measure-
ments detected no remaining activity in or on the body.

Measurement spectra and other details of this case may be found in Brodsky et al. (1972).

Lessons Learned

1. An injured patient with enough external americium-plutonium contamination to
provide a potential internal dose commitment of millions of rem can be properly
managed in a hospital environment without expectation of serious internal expo-
sure of the patient or staff, without appreciable remaining contamination of hospi-
tal facilities or equipment, and without causing undue fear or concern in the patient
or staff. However, this appropriate management requires prior training and
preparation by medical and health physics professionals familiar with the proce-
dures described in this case summary.

2. An early estimate of the amount of skin contamination of a plutonium-americium
mixture, on various areas of skin, can usually be obtained by placing a thin-win-
dow Nal crystal close to each area of interest and shielding the crystal from other
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parts of the body with lead sheet. Skin contamination can be differentiated from
internal systemic activity by examining ratios of x-ray to 60-keV intensities, mea-
sured on each side of a limb. In any case, the diffuse photon source from activity
spread throughout the body will not likely interfere with any measurement of seri-
ous amounts of skin contamination. Absolute activity estimates can be obtained
using a smear of the same contamination to which the patient was exposed, and the
Am/Pu activity ratios as determined by alpha spectrometry of the activity on the
smear.

3. Early estimates of any high activity deposited within the lungs can be obtained by
decontaminating skin on opposite areas of the chest and back with Schubert’s solu-
tion (see Table 20.1) and then counting activity in defined volumes of the chest
region using Nal crystals collimated with lead sheeting. Although 60-keV photon
measurements outside the chest are not much attenuated (beyond the spectral re-
gion of interest) by scatter within the body tissues (Bukovitz et al. 1969; Bukovitz
and Brodsky 1970), the 60-keV photons are easily attenuated by thin sheets of
lead. Early estimates of lung deposition can be confirmed by counting excreta
cumulated for the first few days or 1 wk following the intake.

4. The medical management of an injured and contaminated patient in this case re-
quired at least about two person-days of professional dedication of a medical-health
physics team already experienced with accidents involving external and internal
contamination with americium-plutonium mixtures; this input was in addition to
collaboration with a number of other physicians and medical and health physics
technicians. The average medical institution likely to receive contaminated vic-
tims of a terrorist attack will not have such personnel or equipment resources. Any
expectation of a medical capacity for triage and management of such patients re-
quires prior training and equipping of personnel in each medical institution for the
simplest counting and spectrometric measurements, and ready-made methods of
data interpretation. Otherwise, as sad experience has shown, seriously injured but
not radiologically dangerous patients will be refused needed care, and/or a large
number of uninjured persons who are not at serious risk of radiation exposure will
be sent to flood the more experienced institutions. Probably the best personnel to
be prepared to receive contaminated patients in the average medical center are the
nuclear medicine staffs of the more than 10,000 hospitals licensed to use radioac-
tive pharmaceuticals in the United States.

Worker Exposed to Inhalation of *’AmO, over a Two- to Three-Year Period

Initial Scenario. On 31 May 1967, a technician was brought to the University of Pitts-
burgh whole-body counter upon the recommendation of an Atomic Energy Commission
(AEC) inspector, who had noted in company bioassay records that low-level alpha activity
had been indicated in some of the technician’s urinalyses. However, the urinalysis records
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from nine sampling dates over a period from 21 August 1964 to 19 May 1967 were ob-
tained from analytical procedures of questionable detection capability. Split samples ana-
lyzed at different laboratories on 14 March 1966 and 19 May 1967 were not in agreement.

Initial 40-min counts on 31 May 1967 with an 8-inch D X 4-inch Nal crystal against the
back of the chest and a 5-inch D x 4-inch crystal about 1 m above a simulated standard
chair geometry gave net counts above controls of about 1,059,000 counts in 40 min and
19,000 counts in 40 min, respectively, over the 60-keV americium photopeak region. These
counts, compared against a source of americium in the lung region of a humanoid phan-
tom, yielded initial body burden estimates of 1.04 and 0.96 uCi of 2! Am, respectively.

The work procedures and associated air monitoring data are described here for their
value in illustrating the limited potential for intake of radioactive material, even for a worker
continuously handling at arm’s length up to 15,000,000 times the MPBB for americium in
a dusty operation at one time. This information will help to place limits on the likely expo-
sure of persons at other distances downwind from the release of large quantities of the most
radiotoxic nuclides in any terrorist attack (Brodsky 1980, 1992).

The technician brought to the hospital was a glovebox operator who had prepared foils
containing americium oxide powder by pressing about 200 mg mixed with several grams
of gold powder into the bottom of a 0.5-inch x 1-inch die, and then pressing it into a 30-
thousandths-inch-thick compact at a pressure of 30 tons per inch. The operator wore a half-
mask respirator while transferring the powdered mixture through a pass box of the glovebox
into the press hood where the compact was pressed. The operator worked in the press hood
through an open door, keeping his mask on until the compact was pressed and the hood was
cleaned up. A “small” amount of visible dust was sometimes released in the pressing op-
eration in the hood. The final specific activity of the compact was about 3.17 mCi-mg';
each compact contained about 500 mCi of americium. The technician estimated that he
made a total of about 50 of these compacts over a 2- to 3-y period and that his exposure
probably was built up over this time, with a greater likelihood of exposure during the early
part of this period.

The work in which the operator was involved also included removing the pellet from the
box in which it was pressed to another box several feet away for sintering at 1,500°F for
half an hour, followed by cooling in the oven overnight to room temperature. Then, the
annealed compact was transported to a table where it was sandwiched between two 0.003-
inch gold foils, heated in an open induction furnace (or the previous oven) to 900 to 1,000°F,
and rolled. The heating and rolling were alternated by the operator until the compact reached
the desired shape.

The operator wore no respirator after the initial sintering operation, and the rolling op-
eration was performed without local exhaust ventilation. He also performed similar opera-
tions with about 100 mg of radium for each compact and for equivalent polonium activity,
but for the radium and polonium there was a chemical reaction, as well as a physical mix-
ing, between the radioactive material and the binder. On 25 May 1967, the operator was
assigned to the health physics office at the plant and was removed from further possible
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exposure to radioactive materials. In June 1967, the plant was shut down and process op-
erations were redesigned. Americium was no longer handled in the plant after 1971.

A special breathing zone sample on 25 May 1967, the last day on which the operator
was permitted to work with radioactive materials, showed a concentration of about 1.6 %
1071 uCi-mL™" during a 96-min operation during which three metallic foils were processed
through the rolling operation, each foil containing only 82 mCi of *!Am. (Note: If it is
assumed that only this operation was conducted for each of 500 d, and that the employee
breathed 107 cm? of air per workday, then the operator would have breathed 0.8 uCi in a 2-
y period of work. Therefore, this air sample measurement, and the fact that most compacts
contained more than 82 mCi, are compatible with the amount of americium activity re-
maining in the worker when he arrived at the hospital for evaluation.)

Patient Evaluation and Medical Management. After the initial assessment of a body
burden of about 1 pCi at the University of Pittsburgh, the employer sent the patient to the
Argonne National Laboratory (ANL), Radiological Physics Division for an assessment of
the absolute quantity of americium in the body. ANL had a long history of research in in
vivo counting and had developed a number of detector arrays to examine the distributions
of radionuclides within the body (Toohey et al. 1983). Measurements at ANL indicated a
total body burden of 1.8 uCi of *' Am. With this “calibration” of total body burden, further
measurements and long-term management of this patient were conducted closer to his
home at the University of Pittsburgh. A grant was soon applied for and received from the
U. S. Department of Health, Education and Welfare to assist in determining the most effi-
cacious treatment regimen for removing this high amount of americium from this patient
(Brodsky and Horm 1971). The body content was 1.8/0.05 = 36 times the then-recom-
mended MPBB; an amount of 36 MPBB for this nuclide could not under federal regula-
tions have been deposited in a worker unless the worker were exposed routinely to 36
times the maximum permissible concentration (MPC) in air for 50 y in the workplace.
Such a deposition was projected to possibly deliver tens of thousands of rem to bone dur-
ing the remaining lifetime of the patient (and somewhat smaller, but also high, doses to
kidney and liver) (ICRP 1960). It was the highest body content of a nuclide of the pluto-
nium-americium radiotoxicity family known at that time to have been deposited in a per-
son in the United States.

After the ANL measurements, the patient was counted again at our university facility on
13 June 1967. In addition to total body measurements, counts were taken with collimated
crystals looking at the patella and other bones of the leg. A collimated count over the
patella drove the 60-keV peak off the scale of the multichannel analyzer display in 1 min,
showing that much of the americium had already deposited in bone. The amount in bone
was somewhat surprising, because colleagues at other laboratories and the literature (ICRP
1960) had indicated that **' AmO, deposited in lung would be translocated to the system at
an extremely low rate. The remeasurement of total body content on 13 June again indicated
1 uCi of 2! Am, using the same point source within the lung of a REMAB phantom as used
for the first measurement on 31 May. Previous measurements with a point source moved to
various positions in a cadaver had indicated that our calibration procedure would adequately
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measure **' Am distributed throughout the lung (Bukovitz et al. 1969; Bukovitz and Brodsky
1970). However, measurements showing that much of the americium had already translo-
cated to bone, liver, and other soft tissue convinced us that the ANL determination of 1.8
uCi of 2! Am was the best estimate for the initial total body burden. Our own results indi-
cated that our relative measurements were consistent and that the total body burden had not
decreased between 31 May and 13 June. It became imperative for the medical director
immediately to examine the potential effectiveness of chelation therapy and begin treat-
ments.

Chelation Treatments and Evaluation. Sequential medical decisions regarding treat-
ment regimens were determined not only by scientific principles, but also by the usual
considerations involved in medical care with an agent administratively considered experi-
mental, influenced by practicality from the standpoint of the employee, the changing poli-
cies of the Atomic Energy Commission and Food and Drug Administration, and other
medical judgments that would not influence a purely scientific decision. Yet, the ensuing
schedule of treatments appeared to be effective in removing more than twice as much body
content as would have been removed by natural physiologic processes.

Between June and the beginning of chelation therapy in September 1967 with the cal-
cium trisodium salt of diethylenetriamine pentaacetic acid (CaNa,DTPA), baseline urine
samples were evaluated by an independent contractor. When DTPA therapy began, enough
radioactivity was in the urine so that samples could be measured by placing them on top of
the 5-inch D X 4-inch Nal crystal (turned upside down) within the steel room. Self-absorp-
tion and volume differences were accounted for by using different volume water solutions
of known amounts of ' Am in containers of the same diameter. Fecal samples were ob-
tained to determine total amounts of activity excreted by the fecal route as a function of
time. Beginning in January 1969, bulk samples were measured at better geometry within a
900-cm? well within an 8-inch D x 8-inch Nal crystal, which had been purchased for these
measurements. All samples were saved for the first few years in the refrigerated radiation
safety office vault in the medical center.

The completeness of the daily samples brought by the patient on each visit, carefully
packaged by his wife, was tested by plotting the cumulative distribution of daily excretions
for two periods of time. The lognormal distributions for each period overlapped (Brodsky
et al. 1971), indicating that the collection and packaging of samples at home was faithfully
accomplished. Virtually all urine was collected from September 1967 through December
1974 while chelation therapy was being carried out (Rosen et al. 1980). Fecal collection
was halted at wk 80. Excreta measurements with Nal crystals were soon accompanied by
radiochemical separations, performed by a chemist obtained with funds from the govern-
ment grant. Many of the chemical analyses of total 2! Am per sample, obtained by liquid
ion exchange using HDEHP, were checked by measurements within the Nal well crystal
before they were sent to the chemistry laboratory; radiochemical and Nal determinations
were always in agreement. The radiochemical methods developed were also able to dis-
criminate between the americium complexed and removed by DTPA and the americium
complexed by natural physiologic processes and transported to urine (Horm 1971).
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In vivo whole-body and organ counts were taken weekly between September 1967 and
December 1968, until the schedule was changed and the patient began receiving chelation
treatments closer to home.

The schedule of treatments and long-term results are given in detail in Rosen et al.
(1980). Early collimated detector measurements indicated that most of the americium was
already in bone, with appreciable amounts in liver, lung and other organs. This finding was
confirmed by Harold May, of ANL, who indicated in a comment after our June 1969 pre-
sentation of results (included in Brodsky et al. [1971]) that his own measurements at ANL
in June 1967 indicated that about 70% of the body burden was in bone at that time. A bone
burden determination of 1 puCi of ! Am in September 1967, before treatment began, was
also consistent with the pretreatment urine data, if the urinary data were interpreted using
Langham’s equations (Langham 1956) relating urinary excretion to amounts taken into
blood, and the assumption that americium is removed from bone at twice the rate for pluto-
nium. In 1979, after cessation of treatments, the remaining body burden was 0.72 pCi of
24 Am, with most of the remaining burden in bone (Rosen et al. 1980). Additional determi-
nations supported the conclusion that more than half of the removal of > Am from this
patient could be attributed to the effectiveness of the chelation therapy.

During the 1 g per week treatment period from September 1967 to December 1968, the
urinary excretion rate reached an equilibrium of 0.0055 puCi of ' Am per week. Projecting
by Langham’s equation the 0.00154 uCi of ! Am per week urinary excretion in the pre-
treatment period to the equilibrium measurement, assuming 2 y since the average intake,
gave an expected excretion without treatment of 0.00114 uCi of 2! Am per week. The ratio
of these values indicates an overall effectiveness factor of 5 in removing *'!Am for the
continued 1 g DTPA per week over the first 65 wk of 1 g per week treatments, although
Rosen et al. (1980) report a greater effectiveness factor of 10. The higher factor is appar-
ently attributable to renewed increase in effectiveness after periods of cessation of treat-
ment. The earlier effectiveness factor of 5 was also consistent with that determined by the
HDEHP extractions of separate complexes of americium (Brodsky et al. 1971; Horm 1971).
This effectiveness factor is the same as that later observed for the removal of zinc from the
body during this period of chelation therapy (Slobodien et al. 1973). However, this zinc
removal did not appear sufficient to affect the health of the patient, as determined from
various laboratory tests (Rosen et al. 1980). Later medical practice used a DTPA com-
pound incorporating zinc into the complex.

It is also of interest that the rate of elimination of americium activity, when converted to
molar concentrations, was consistent with the rates of accretion and resorption of calcium
in bone at equilibrium conditions of life. Apparently, the rate constant for resorption of
americium atoms from bone surfaces might be about the same as for calcium. This finding
was deemed to provide additional support to the belief that DTPA complexes americium or
plutonium as soon as it leaves bone surfaces and transports the complex to urine for excre-
tion (Brodsky 1971).

After removal of the patient from further exposure and mucociliary clearance from the
upper respiratory tract for several days, fecal excretion rates were negligible until DTPA
therapy began. Then, an initial sharp rise decreased to an excretion function with a 13-wk
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half-life, interpreted as mainly due to removal of americium from liver by DTPA (Brodsky
et al. 1971). Rosen et al. (1980) later estimated a 13.3-wk half-life during this period of
fecal elimination. Integrating the fecal excretion during the first week of therapy with the
remaining exponential elimination, Rosen et al. (1980) estimated that as much as 0.45 puCi
of **'Am was eliminated during the first 65-wk treatment period.

Measurements with a collimated detector showed that tissues of the testes or other or-
gans in the gonadal area had concentrations of americium less than 0.001 of the concentra-
tions in bone. Also, a 400-min count of a 3.4-g sample of semen on 24 October 1967, after
DTPA therapy began, showed no significant activity, which was interpreted to show that
the concentration of 2! Am in the patient’s semen was less than 2 x 10 uCi of *'Am per
gram (Brodsky et al. 1971). According to ICRP (1993, p. 130), the percentage of ameri-
cium leaving the circulation that deposits in male gonadal tissue (and is removed with a
half-time of 10 y) is 0.001%. Thus, if 70% of the original burden of this patient (1.8 puCi),
which is estimated to have translocated to bone when the patient was first examined, must
have first passed into blood, the original deposition in gonadal tissue would have been 1.8
x (0.7 x 10~ =about 1.3 x 10> uCi deposited in 16 g of testes, to give a concentration of 1.3
x 107 /16 = about 8 x 10~ nCi/g. This amount was below our detection limit, as indicated
above.

Collimated measurements over other body areas during the first 2 y of chelation also
revealed the more rapid removal of americium by DTPA from soft tissues than from bone
(Brodsky et al. 1971). The ratios of counts over liver divided by counts over knee were
about 9:1 in June 1967, 0.7:1 in October 1967, and 0.2:1 in November 1968. The ratios of
counts over the right lung divided by counts over the knee were about 4 to 7 before DTPA
treatment in September 1967, 1.6 on 16 October 1967, and 0.7 in April 1969. These ratios
were only slightly lower 10 y later after a long period without treatment (Rosen et al.
1980).

Further details on the long-term evaluation of this case, including equations for some of
the excretion and count data, are presented in Rosen et al. (1980). Some major findings are
highlighted by the following tables and figures, which may provide concise guidance for
the emergency management of future cases of intake of americium. Fig. 20.5 shows the
fecal and urine elimination patterns during the first period of DTPA therapy; an approxi-
mate 15-wk half-life of exponential elimination in feces, probably most from liver, is evi-
dent on this semilog plot. Fig. 20.6 shows the overall decrease in total body activity, tend-
ing toward exponential elimination with a 24-y half-life as most of the removable ameri-
cium has been depleted from the soft tissue compartments. In Fig. 20.7, the long-term
decreases (over more than 10 y) in activity in knees, head, and chest show that the natural
processes of elimination still tend to remove americium from the head and chest at a slightly
faster rate than from the knees (bone); it should be noted that the chest data have been
divided by a factor of two on this plot for close comparison with the other data. Although
the rate factors apparently differ somewhat for the different tissues (note the tendency for
the three upper curves to diverge, which they would not do on a logarithmic vertical scale
if the ratios of counts remained exactly the same), the total body decrease still appears to be
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Fig. 20.5. Urinary and fecal **'Am activity excreted during the first 80 wk of chelation
therapy. The “a” period represents 65 wk of treatment with 1 g of DTPA per week, the “b”
period is a 2-wk break, and the “c” period represents 14 wk with two 0.5-g treatments per
week. The fitted function for fecal excretion was derived from data collected from wk 13
through 80 and appears to be consistent with the interpreted 15-wk half-life of removal to
feces from liver in the earlier measurements (Brodsky et al. 1971). Adapted from Rosen et

al. (1980), with permission.
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Fig. 20.6. Total body burden of **' Am as determined by in vivo measurements, fitted by a
two-component model to all data including those from nontreatment periods. Treatment
periods are shown by the line segments a...i. From Rosen et al. (1980), with permission.
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exponential, as seen in the lower total body data. Table 20.3 provides estimates of the half-
lives for the several compartments illustrated in Fig. 20.7. Table 20.4 shows the relatively
high remaining activity in the chest area (probably most in lung with some contribution
from ribs), compared to the abdominal region; this indicates that there is a long-term com-
ponent for removal of the material deposited in lung. This could be due to the fact that
some of the dusts inhaled by the operator were the more refractory oxides of americium
that he handled after high-temperature sintering and high-pressure compacting. That may
also be the reason that a maximum-likelihood fit of the early urinary data to a Healy-
Langham model (Healy 1957), which assumes a single exponential removal of material
from lung to blood with each increment delivered to blood excreted in urine according to
Langham (1956), did not provide a very satisfactory fit (Fasiska et al. 1971).

Lessons Learned

1. A patient who has inhaled enough plutonium or americium to possibly result in
projected internal organ doses of tens or hundreds of thousands of rem can be
evaluated and treated, with complete patient and family cooperation, over many
years, without undue fear on the part of the patient or the family. Appropriate
explanations can even convince at least some family members to collect and pack-
age excreta daily for months or years. Such a cooperative situation can prevail,
however, only if the patient is explained the facts of the case by communication
with only one physician who is expert in decontamination or radionuclide removal
therapy, or at least by no more than two persons, preferably a physician-health
physics team of two persons who are in continuing communication with each other.

2. Such high internal doses delivered over time are not likely to affect the health of
the person, at least for many years, so an “effective threshold” for any effects
within the first 10 y is probable. Thus, there is no need to retain such a patient, if
uninjured, in the average medical institution responding to an attack or incident
requiring the care of many individuals. There is time to send the patient to an
institution with specialists to provide long-term treatment, or to prepare a local
institution to manage the patient after the initial early response period.

3. DTPA therapy at 1 g per week in a single treatment is as efficacious as two 0.5-g
treatments several days apart per week. A single 0.5 g per week treatment is some-
what less effective in removing americium already in blood or soft tissues. Ameri-
cium already deposited in bone is not likely to be detached from bone by DTPA,
but that removed by natural bone resorption is apparently largely complexed with
the DTPA in the circulation and removed to kidneys and urine. These results are
inferred from the liquid ion exchange results as well as from the counting data on
body locations and urine and fecal samples.

4. Long-term (years) treatments with 1 g per week DTPA apparently had no ill effect
on the patient over a period of many years of observation.
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Table 20.3. Long-term clearance estimates of **' Am for several body sites as derived from
in vivo measurements.*

Site Effective half-life
)

Head 20+3.6°

Knees 42+ 13

Chest 13423

Total body 24+ 6.9

“From Rosen et al. (1980), with permission.
*One standard error.

Conclusions

The above case descriptions have been given to illustrate the range of external and
internal contamination situations that could occur from the release of large amounts of
radioactive material, as well as the ways such cases can be managed to avoid undue fear of
such contamination and optimize reduction of internal dose. The case studies described are
a part of a much larger body of literature on cases managed at other institutions. The results
of these cases have now been utilized in the development of detailed mathematical models
of the deposition, distribution, and excretion of various nuclides, inhaled under various
conditions, for use in improved internal dose estimation for cases where long-term follow-
up is available (ICRP 1979, 1980, 1991, 1993). However, the early models and data of
ICRP (1960) can still suffice to provide early high-sided estimates of internal dose, for
triage, using simple calculations tailored to emergency conditions.

Lessons learned can be seen in this paper to be supported by specific facts and measure-
ments. They may be reduced to the following simple rules of thumb that can be conveyed
quickly in an emergency, or explained in context with the facts presented in preparation for

Table 20.4. Count-rate distribution of *! Am over the trunk of an oxide compact worker in
1976, about 9 y after last exposure and 100 wk after last chelation treatment, showing a
continued major concentration in the upper chest regions. Measurements were made with a
GeLi detector having an energy resolution of less than 20 keV full width at half-maximum.
Values in the table are normalized to counts at the upper right chest.*

Site Relative count rate
Right side Left side
Upper chest 1.0 0.73
Upper abdomen 0.16 0.18
Lower abdomen 0.15 0.14

“From Rosen et al. (1980), with permission.
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Fig. 20.7. Long-term clearance (time in weeks) of ! Am from an individual body site as
determined from in vivo measurements, both during and after DTPA treatments. From
Rosen et al. (1980), with permission.

emergencies, to others responsible for care of radiologically contaminated and possibly
injured persons.

General Rules of Thumb

1. Responders and the public should be informed that the release of radioactive mate-
rial from a terrorist’s radiological or nuclear bomb is not likely to cause serious
harm at a distance removed from immediate blast effects, certainly if a person is
indoors or not caught in a passing cloud of activity. Experience with release of
highly toxic radioactive materials in the workplace (Brodsky 1980) has shown, in
numerous cases, that even persons exposed to concentrations released at a distance
of arm’s length are not likely to have intakes that produce ill effects, either acute or
long-term. Another chapter in this text also shows the usual limits on amounts
of radioactivity that can be dispersed to populations from RDDs.

2. Early assessments of intake can be made for triage purposes with portable moni-
toring equipment, using the specific gamma or x-ray exposure constants for the
single radionuclides of interest, as given in the appendices to this text and as illus-
trated in the above cases.
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3. For a mixture of fission products from a short nuclear burst, or for fractions of
specific radionuclides included in the release, estimates of potential internal dose
may be obtained both from early measurements of exposure rates at 1 m from the
chest, or from radioactive material collected on a folded handkerchief held over
the mouth during passage of the radioactive cloud. A simple and rapid, but conser-
vative, estimate of the seriousness of mixed fission product activity breathed into
the lung, or collected on a handkerchief held while mouth-breathing in a passing
cloud (which should pass within 1 to 2 min under most meteorological condi-
tions), can be made by assuming that an intake of 300 pCi (about 600 million
disintegrations per minute [dpm]) is equivalent to the risks of exposure to 25 rem
of external radiation (Brodsky 2001). This rule of thumb is applicable, within a
factor of two for periods up to about 30 d after release, to full fission product
releases from either a bomb (short burst) or nuclear reactor fuel that has undergone
fission for up to 3 y. Abundances of the radiobiologically important nuclides are
given in Brodsky (2001) so that fractional releases of individual nuclides can be
summed and taken into account. Assessments may be made from chest measure-
ments by assuming one gamma photon per disintegration, of energy 0.6 MeV, for
gross fission product mixtures. The rule of thumb can also be used at a reduced
level of about 30 puCi (60,000,000 dpm) for a factor of safety to be well below 25-
rem equivalent, and still be measured for triage with a portable survey meter mea-
suring gamma or x radiation from the chest, or beta activity on a handkerchief or
mask. Additional data are given in the appendices to assist in these triage determi-
nations.

4. The levels of radioactivity or radiation that might be used as limits for triage of
many persons in a population exposed to terrorist or accidental releases (which
might in some cases not be distinguishable) are obviously many orders of magni-
tude greater than those maintained as precautionary limits under peacetime condi-
tions. It is thus imperative that even experienced health physicists or physicians,
knowing peacetime standards but never involved with higher level exposures, will
need to be reoriented with the facts in the above cases and accident literature, in
order to be able to focus on, and care properly for, persons who are injured and/or
subjected to higher levels of radiation exposure and those associated with
serious risk of harm. Such an orientation must also be passed on to respond-
ers and to the public in terms they can understand, with examples such as
those provided in the cases above to ensure credibility.

5. If a patient is deemed in triage to require further decontamination and follow-up,
further communication of the facts and ensuing events in the course of treatment
should be provided by a single physician, perhaps working in continuing
communication with a health physicist trained in emergency management of highly
exposed patients.

6. Members of staff or others offering assistance, if not already given their tasks and
training previously in an established plan, may best be dealt with by quickly
providing ad hoc tasks and duties that might be constructive. Otherwise, it might
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not be possible to avoid unnecessary interference with case management. In an
emergency, every one (of those not afraid of the radiation) on hand wants to help.
They must be given something to do, especially if there are no guards or security
arrangements to ensure control. A single person must be in charge and prepared to
issue immediate and helpful ad hoc orders to the participating staff members.

References

Attix F. Introduction to radiological physics and radiation dosimetry. New York: John Wiley
& Sons; 1986.

Beach SA, Dolphin GW. Determination of plutonium body burdens from measurements of
daily urine excretions. In: The assessment of radioactivity in man, Vol. 2. Vienna,
Austria: International Atomic Energy Agency; 1964: 603-617.

Bolch WE, ed. Practical applications of internal dosimetry. Madison, WI: Medical Physics
Publishing; 2002.

Brodsky A. Accuracy and detection limits for bioassay measurements in radiation protec-
tion — statistical considerations. Washington, DC: U.S. Nuclear Regulatory Commis-
sion; NUREG-1156; 1986.

Brodsky A. Estimating “acceptable emergency doses” for submersion in fission product
clouds. Radiat Prot Manage 18(5):17-33; 2001.

Brodsky A. Properly relating radiation protection requirements to relative radiotoxicity
and risk. In: Miller KL, ed. CRC handbook of management of radiation protection
programs, 2nd ed. Boca Raton, FL: CRC Press; 1992.

Brodsky A. Resuspension factors and probabilities of intake of materials in process (or ‘Is
10° a magic number in health physics?’). Health Phys 39:992—1,000; 1980.

Brodsky A. Review of radiation risks and uranium toxicity, with applications to decisions
associated with decommissioning clean-up criteria. Hebron, CT: RSA Publications;
1996.

Brodsky A, Lessard ET. Emergency bioassays for accidental exposures to alpha emitters —
draft report for comment. NUREG/CR-5093 (BNL/NUREG-52128). Upton, NY:
Brookhaven National Laboratory; 1988.

Brodsky A, Schubert J, Yaniv S, Lamson K, Wald N, Wechsler R, Gummerman L, Caldwell
R. Deposition and retention of Ir-192 in the lung after an inhalation incident. Presented
at the Health Physics Society Annual Meeting, June 18-22, 1967, Washington, DC.
Health Phys (abstr.) 13:938; 1967.

Brodsky A, Wald N, Horm IS, Varzaly BJ. The removal of Americium-241 from humans
by DTPA. In: Brodsky A, Horm IS. University of Pittsburgh Department of Radiation
Health Progress Report, submitted to Department of Health, Education, and Welfare,
Research Grant 2R01 EC 00122-03, 22 March 1971. Washington, DC: Department of
Health, Education, and Welfare; 1971.



Early Emergency Response and Rules of Thumb 369

Brodsky A, Wald N, Lee RE, Horm J, Caldwell R. Americium contamination aspects of a
drybox incident involving hand amputation. In: Willis CA, Handloser JS, eds. Health
physics operational monitoring, Vol. 3. New York: Gordon and Breach; 1972: 1581—
1600.

Brodsky A, Wald N, Sayeg JA, Wechsler R, Caldwell R. The measurement and manage-
ment of insoluble plutonium-americium inhalation in man. In: Snyder WS, Abee HH,
Burton LK, Maushart R, Benco A, Duhamel F, Wheatley BM, eds. Radiation protec-
tion. Proceedings of the First International Congress of Radiation Protection, Rome,
Italy, 1966, Vol. 2. London: Pergamon Press; 1968: 1181-1190.

Bukovitz A, Brodsky A. Reply to comment on “effective transmission of the human thorax
for photons from 2*°Pu, **!Am, and other low-energy emitters.” [Letter] Health Phys
19:585; 1970.

Bukovitz A, Sayeg JA, Spritzer AA, Brodsky A. Effective transmission of the human tho-
rax for photons from Pu-239, Am-241, and other low-energy emitters. Health Phys
17:71-75; 1969.

Cember H. Empirical establishment of cancer — associated dose to the lung from '*Ce.
Health Phys 10:1177-1180; 1964.

Cember H. Introduction to health physics, 3rd ed. New York: McGraw-Hill; 1996: 681.

Cool DA, Cool WS, Brodsky A, Eadie GG. Estimation of long-term biological elimination
of insoluble iridium-192 from the human lung. Health Phys 36:629-632; 1979.

Fasiska BJ, Bohning DE, Brodsky A, Horm J. Urinary excretion of Am-241 under DTPA
therapy. Health Phys 21:523-529; 1971.

Gilberti MV. The 1967 radiation accident near Pittsburgh, Pennsylvania, and a follow-up
report. In: Hubner KF, Fry SA, eds. The medical basis for radiation protection pre-
paredness. New York: Elsevier Science Publishing Company; 1980: 131-140.

Gilberti MV, Wald N. The Pittsburgh Accelerator Accident: twenty-three-year follow-up
of clinical and psychological aspects. In: Ricks RC, Berger ME, O’Hara FM, eds. The
medical basis for accident preparedness III, the psychological perspective. New York:
Elsevier Science Publishing Company; 1991: 199-208.

Guilmette RA. Biokinetics of inhaled, ingested, and percutaneously deposited radionu-
clides. In: Bolch WE, ed. Practical applications of internal dosimetry. Madison, WI:
Medical Physics Publishing; 2002: 43—104.

Health Physics Society. Performance criteria for radiobioassay. American National Stan-
dard ANSI/HPS N13.30-1996. McLean, VA: Health Physics Society; 1996.

Healy JW. Estimation of plutonium lung burden by urine analysis. Am Indust Hygiene
Assoc Q 18:261-266; 1957.

Horm IF. Techniques for separating americium from urine after DTPA therapy. Health
Phys 21:41; 1971.

Howe GR. Lung cancer mortality between 1950 and 1987 after exposure to fractionated
moderate dose-rate ionizing radiation in the Canadian fluoroscopic cohort study and a
comparison with lung cancer mortality in the Atomic Bomb Survivors Study. Radiat
Res 142(3):295-305; 1995.



370 Brodsky and Wald

International Commission on Radiological Protection (ICRP). 1990 recommendations of
the ICRP; ICRP Publication 60; Annals of the ICRP 21: Nos. 1-3; 1991.

International Commission on Radiological Protection (ICRP). Age-dependent doses to
members of the public from intake of radionuclides: Part 2 ingestion dose coefficients.
Oxford: Pergamon Press; ICRP Publication 67. Annals of the ICRP 23, No.3/4; 1993:
1-167.

International Commission on Radiological Protection (ICRP). Human respiratory tract model
for radiological protection. Oxford: Pergamon Press; ICRP Publication 66; Annals of
the ICRP 24, Nos. 1-3:1-482; 1994.

International Commission on Radiological Protection (ICRP). Limits for intakes of radio-
nuclides by workers. Oxford: Pergamon Press; I[CRP Publication 30; 1979 (and supple-
ments).

International Commission on Radiological Protection (ICRP). Limits for intakes of radio-
nuclides by workers. Oxford: Pergamon Press; ICRP Publication 30 Part 2; Annals of
the ICRP 4:1-73; 1980.

International Commission on Radiological Protection (ICRP). Limits for intakes of radio-
nuclides by workers. Oxford: Pergamon Press; ICRP Publication 30 Part 3, including
addendum to Parts 1 and 2; Annals of the ICRP 6 No.2/3; 1981.

International Commission on Radiological Protection (ICRP). Report of Committee II on
permissible dose for internal radiation (1959). Health Phys 3 (special ed.); 1960. [The
same recommended MPBBs and MPCs were published, without the background of
anatomic, physiologic, radiobiologic, and mathematical models and data, but with an
August 1963 addendum and corrections, as: Recommendations of the National Com-
mittee on Radiation Protection, maximum permissible body burdens and maximum
permissible concentrations of radionuclides in air and in water for occupational expo-
sure. National Bureau of Standards Handbook 69, Issued June 5, 1959. Washington,
DC: U.S. Government Printing Office. This handbook superceded the Handbook 52,
issued in 1953. The price in 1960 was 50 cents.]

International Commission on Radiological Protection, [CRP Task Group on Lung Dynam-
ics. Deposition and retention models for internal dosimetry of the human respiratory
tract. Health Phys 12:173-207; 1966.

Kathren RL, Lynch TP, Traub RJ. Six-year follow-up of an acute **' Am inhalation intake.
Health Phys 84:576-581; 2003.

Khokhryakov VF, Suslova KG, Vostrotin VV, Romanov SA, Menshikh ZS, Kudryavtseva
TI, Filipy RE, Miller SC, Krahenbuhl MP. The development of the plutonium lung
clearance model for exposure estimation of the Mayak Production Association, Nuclear
Plant workers. Health Phys 82:425-431; 2002.

Kramer GH, Allen SA, Groff D. Problems encountered during the calibration of the new
Cameco mobile lung counter: detector size or phantom limitation? Health Phys 85:751—
758; 2003.

Langham WH. Determination of internally deposited radioactive isotopes from excretion
analysis. Am Indust Hygiene Q 17:305-318; 1956.

Langham WH. Excretion models: the application of excretion analyses to the determina-
tion of body burdens of radioactive isotopes. Br J Radiol Suppl 7:95-113; 1957.



Early Emergency Response and Rules of Thumb 371

Langham WH, Bassett SH, Harris PS, Carter RE. Distribution and excretion of plutonium
administered intravenously to man. Health Phys 38:1031-1060; 1980 [re-publication
of an historic report originally published as LA-1151. Los Alamos, NM: Los Alamos
Scientific Laboratory; 1950; declassified 3 March 1954].

Mettler FA, Jr., Upton AC. Medical effects of ionizing radiation, 2nd ed. Philadelphia: W.
B. Saunders Company; 1995.

Nelson IC. Simplified method of evaluating the Healy plutonium excretion equation. Health
Phys 22:191-193; 1972.

Raabe OG, ed. Internal radiation dosimetry. Health Physics Society Summer School. Madi-
son, WI: Medical Physics Publishing; 1994.

Raabe OG, Parks JF. Lung injury and cancer risks from inhaled **PuO,. Health Phys
64(Supp.1):S52—-S53 (abstr.); 1993.

Rosen JC, Gur D, Pan SF, Wald N, Brodsky A. Long-term removal of Am-241 using Ca-
DTPA. Health Phys 39:601-609; 1980.

Schenk R, Gilberti MV. Four-extremity radiation necroses. Arch Surg 100:729-734; 1970.

Scott BR, Peterson VL. Risk estimates for deterministic health effects of inhaled weapons
grade plutonium. Health Phys 85:280-293; 2003.

Skrable K, French C, Chabot G, Tries M, Potter C. In: Bolch WE, ed. Practical applications
of internal dosimetry. Madison, WI: Medical Physics Publishing; 2002: 201-255.
Slobodien MJ, Brodsky A, Ke CH, Horm I. Removal of zinc from humans by DTPA

chelation therapy. Health Phys 24:327-330; 1973.

Stannard JN. Radioactivity and health. Richland, WA: Battelle Memorial Institute [avail-
able as DE8801379 (DOE/RL/01830-T59) from National Technical Information Ser-
vice, 5285 Port Royal Road, Springfield, VA 22161]; 1988: 572-573.

Swinth KL, Griffin Bl. A developmental scintillation counter for detection of plutonium in
vivo. Health Phys 19:543-550; 1970.

Thomas ED, Rudolph RH, Fefer A, Storb R, Slichter S, Buckner CD. Isogenic marrow
grafting in man. Exp Hematol 21:16-17; 1971.

Toohey RE, Keane AT, Rundo J. Measurement techniques for radium and the actinides in
man at the Center for Human Radiobiology. In: Rundo J, Failla P, Schlenker RA, eds.
Radiobiology of radium and the actinides in man. Health Phys 44, Suppl.1:323-341;
1983.

Wald, N. Health Phys 17:379; 1969a.

Wald N. Radiation injury and its management. In: Wang Y, ed. Handbook of radioactive
nuclides. Cleveland: The Chemical Rubber Company; 1969b: 837-883.

Wald N, Pan S, Thomas ED. Cytogenetic observations in accidental human radiation expo-
sure treated by marrow transplantation. Int Soc Hematol Cong Abstr. A-7. Boston;
1968a: 4.

Wald, N, Wechsler RL, Brodsky A, Yaniv S. Problems in medical management of pluto-
nium-americium contaminated patients. In: Kornberg HA, Norwood WD, eds. Diag-
nosis and treatment of deposited radionuclides. New York: Excerpta Medica Founda-
tion; 1968b: 575-596.

Weber DA, Eckerman KF, Dillman LT, Ryman JC. MIRD. Radionuclide data and decay
schemes. New York: The Society of Nuclear Medicine; 1989.






