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. Commentary

.1. Early years

My  friendship with William F. (Bill) Morgan started in the late
970s. I was working as a technical representative at the Atomic
nergy Commission in Washington D.C. and was involved in a
eview of Sheldon Wolff’s laboratory at University of California, San
rancisco. Bill had just joined the Wolff group as a post-doctoral
ellow; he was working on radiation-induced chromosome aberra-
ions in humans. Our review team gave the laboratory very good

arks, but when the funding decisions were announced, it was
arked for closure – the mysterious workings of the government.

n later years, Bill was always quick to remind me  that I had helped
o shut down his research program! However, Bill was a very pro-
uctive scientist right from the start and his research moved him
uickly along the path to success.

.2. Scientific direction

Bill and I continued to have close interactions. When the DOE
ow Dose Research Program was formed, we served together on

 committee providing input into the Biological and Environmen-
al Research Advisory Committee (BERAC) Report Program plan for

iological Effects of Low Dose and Dose Rate Radiation. Leading
adiation biology scientists were chosen to form a subcommittee
f the BERAC charged with developing a set of recommendations for

∗ Tel.: +1 509 727 4451.
E-mail address: tbrooks@tricity.wsu.edu

ttp://dx.doi.org/10.1016/j.mrfmmm.2017.03.002
027-5107/© 2017 Elsevier B.V. All rights reserved.
the new DOE Low Dose Radiation Research Program. The members
of the subcommittee were:

• Robert Ullrich, Chair, Department of Radiation Oncology, Univer-
sity of Texas Medical Branch, Galveston, TX (Chair);

• Antone L. Brooks, Washington State University-Tri-Cities, Rich-
land, WA;

• David Brenner, Columbia University, Center for Radiological
Research, New York, NY;

• Richard J. Bull, Pacific Northwest National Laboratory, Richland,
WA;

• Eric J. Hall, Radiation Oncology Center for Radiological Research,
Columbia University, New York, NY;

• William F. Morgan, Professor of Radiation Oncology, University
of California, San Francisco, San Francisco, CA;

• Julian Preston, Chemical Industry Institute of Toxicology,
Research Triangle Park, NC;

• James Flynn, Decision Research, Eugene, OR;
• Henry N. Wagner, Jr. Director, Division of Radiation Health Sci-

ence, Johns Hopkins Medical School, Baltimore, MD;
• Susan S. Wallace, Chair, Department of Microbiology and Molec-

ular Genetics Director, Markey Center for Molecular Genetics,
University of Vermont, Burlington, VT;

• Dr. Gayle E. Woloschak, Center for Mechanistic Biology and
Biotechnology, Argonne National Laboratory, Argonne, IL.

The subcommittee prepared a report for the Office of Biological

and Environmental Research, providing background information
that DOE used to write the first call for proposals and indicating the
directions which the program should take. This exercise was critical
in providing a good start to this important program. Bill was a key

dx.doi.org/10.1016/j.mrfmmm.2017.03.002
http://www.sciencedirect.com/science/journal/00275107
http://www.elsevier.com/locate/mut
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mrfmmm.2017.03.002&domain=pdf
mailto:tbrooks@tricity.wsu.edu
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ember of this subcommittee and his colleagues regarded him as
ne of the giants in the field.

Bill served on many review panels to evaluate proposals
or research funding, for DOE, Environmental Protection Agency
EPA), National Institute of Environmental Health Sciences (NIEHS),
ational Aeronautics and Space Administration (NASA), and other
gencies. Bill had important influence on funding decisions; when
e talked, everyone listened, and opinions about the value of a
roposal often changed – for the better or the worse.

Bill and I were the co-chairs of a National Commission on Radi-
tion Protection (NCRP) committee, funded by NASA, to evaluate
adiation effects on astronauts. The title of the resulting report was
Potential Impact of Individual Genetic Susceptibility and Previous
adiation Exposure on Radiation Risk for Astronauts”. This com-
ittee tackled a question of great significance to the manned space

rogram. If an astronaut had previous radiation exposure from any
ource (e.g., medicine, high elevation aviation, environmental expo-
ure) and could expect to receive additional exposure on a space
ission which would put them above the regulatory limit, they

ould not go on the mission.
One case, in particular, brought this issue to NASA’s attention. An

stronaut had received cancer radiation therapy; this dose plus the
nticipated space-flight dose would put him over the allowed limit.
ASA was considering removing this astronaut from the planned
ission – after he had invested years of his life in preparation. This

ase prompted many interesting discussions by the committee. An
thics specialist on the committee was resolved that the astronaut
hould not fly; an astronaut member of the committee was equally
rm that the astronaut in question should be allowed to make his
wn decision and to fly the mission if he so wished. The debate was
ntense. Ultimately, the ethicist resigned from the committee and

as replaced. Bill played a key role in resolving the dispute and the
eport was finally written [1].

Bill replaced me  on the NCRP as the Chairman of Committee One,
esponsible for writing reports related to the setting of radiation
tandards. NCRP wanted another report on the effects of low doses
f radiation (BEIR VIII). I was in favor of it; Bill was not. Bill won.

.3. Pacific Northwest National Laboratory (PNNL) cell and
olecular biology

Bill was a full Professor at Johns Hopkins University, where he
ad developed a strong research team. He left that post to become
irector of Radiation Biology and Biophysics in the Biological Sci-
nce Division at the Pacific Northwest National Laboratory (PNNL)
n Richland WA.  We  had many discussions about the differences
etween working in academia and in the National Laboratory sys-
em, but he took the government position anyway. This was  a
hallenging transition for Bill, but with the support of his wife
arianne Sowa and his new charge Leyla Resat, a talented young

re-teen, he was up to the task. Bill adjusted to the fact that he was
o longer completely in charge of his life as a scientist. He needed to
et permission for whatever he wanted to do – attending a meeting,
etting editorial help, or bringing in an outside scientist for a sem-
nar. Bill was willing to jump through these hoops, but sometimes
e would forget, and this would lead to an animated discussion
ith management.

Bill assembled a strong research team: Tom Weber (transcrip-
ional regulation), Colette Sacksteder (protein cellular localization
nd interactions), David Stenoien (molecular biology, phospho-
roteomics, and epigenetics), Susan Varnum (protein microarray),
arianne Sowa (cell signaling and imaging), Dave Springer (secre-
ory regulation and epigenetics), Qibin Zhang (metabolomics), John
iller (bioinformatics and microdosimetry), Katrina Waters (data

ntegration and biostatistics) Harish Shankaran (model develop-
ent), and many graduate students. This team had an excellent
ch Mutagen 806 (2017) 81–87

tool-kit but most of the members had little background in radiation
biology. Nevertheless, Bill was able to convince them to leave their
own  projects and focus on an integrated, systems-based radiation
biology program (Fig. 1). This was  one of Bill’s greatest achieve-
ments at PNNL. The figure shows that the team had a wide variety
of high-throughput technologies and the program was designed to
develop and test hypotheses, using modern molecular and cellular
biology methods. From these hypotheses, it would be possible to
develop predictive models and to test them at all levels of biological
organization.

Bill had a talent for working with others to get the basic science
done. Fig. 2 illustrates the significance of the research and how it
could feed biological data from one level of biological organiza-
tion to the next. There are both damaging and protective processes
at all levels of biological organization. Mechanistic data help to
define these processes and, consequently, the research has impact
on setting radiation standards.

1.4. Communications

As the chief scientist, I was responsible for the DOE Low Dose
Research Program web site. When I retired, DOE transferred the
web site from Washington State University to PNNL, with Bill in
charge. It was  more work than he expected. Working with Bill, I
developed a deep admiration of his scientific ability and formed a
strong friendship. I appreciated how much Bill did for the scientific
community. Bill set up debates for me  at Radiation Research Soci-
ety and Health Physics Society meetings. Bill was  the moderator
on both occasions. At Radiation Research, I debated Mike Atkinson
(Fig. 3) on the question, “Should the Dose Dose-rate Effectiveness
Factor (DDREF) be set at 1?” It was  great fun, because if the DDREF
is set at 1, then everything is linear. I like curves; so I said that all
you have to do to set the DDREF at 1 is to ignore more than 70 years
of research! At the Health Physics Society meeting, I debated with
Jerry Puskin (EPA) and the issue was “Is there a level of radiation
that is not dangerous?”.

1.5. Internally deposited radioactive material

Bill had not been very active in the Health Physics Society, but
after moving to PNNL, we  had many discussions about it. The Soci-
ety held a meeting in Spokane in 2005 and Bill attended. He was
very impressed with the fact that this society worked hard to make
science and regulations match and he jumped into the society’s
activities with vigor. He also discovered the paucity of good data on
risk from internally deposited radionuclides. This resulted in a close
association with the U.S. Trans-Uranium Registry (USTUR) and an
interest in related research. The USTUR has been following up the
health status of nuclear industry workers who may have had con-
tamination with transuranic elements, including Pu. Bill met  at the
USTUR weekly and he funded a student, Chris Nielsen, to bring mod-
ern molecular and cellular biology approaches to research on the
deposition, distribution, and effects of internally deposited radioac-
tive material (IDRM). Chris and Bill combined the experimental
beagle dog data with the human data to make it more applicable
to standard setting. He was especially interested in determining
the responses associated with molecules, cells and tissues in range
of the alpha particles. This interaction resulted in two  important
manuscripts [2,31]. It was possible to relate the pathology and
molecular biology in the dog with the changes observed in the
human subjects.

Bill reviewed the data developed in the beagle by the Atomic

Energy Commission as a result of concern over nuclear testing fall-
out and exposure of the general public. This was a well-integrated
and coordinated effort by national and specialty laboratories. These
studies used the dog as the experimental animal, examining differ-
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Fig. 1. Outline of the Low Dose Radiation research program at the Pacific Northwest National laboratory with the methods, objectives and Hypothesis tested.
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ig. 2. This figure outlines the significance of the research being conducted and s
ystems approach to risk evaluation.

nt radionuclides and routes of intake. Bill even plowed through the
eviews of early results from these studies [3] and the experimental
esign and animal numbers are carefully covered [4]. Since dogs are

onged lived and larger than rodents, it is possible to derive much
ata on initial deposition and distribution, without serial sacrifice.
he beagle is also a good model for radiation-induced cancer. The
ncidence of spontaneous cancers in dogs increases with age with a
attern similar to that observed in humans. Radiation-induced can-
er frequency and types are also similar to those in humans. Each

nimal can receive repeated radiological and physiological mea-
urements and the dose and biological response can be related to
ime after exposure.
ts ways to extrapolate and connect different levels of biological organization in a

It was  of interest to look at the major target organs from IDRM.
The radionuclide deposits in the body according to its chemical
nature. 137Cs is uniformly distributed, 131I deposits in the thy-
roid, 90Sr in bone, 144Ce–144Pr in liver and bone. For each of these
radionuclides, it was possible to determine the dose and dose rate
to the target organ for each dog and to combine this informa-
tion with the diseases produced, allowing a direct measurement
of the resulting cancer risk. The physical state of the radionu-
clide also determines its fate. For example, following inhalation

of radionuclides in fused-clay particles, activity stays in the lungs
and associated lymph nodes. In these studies, the physical half-life
was combined with the biological half-life to determine the effec-
tive half-life of the material in the lung as primary target organ.
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ch Society. Question: Should the Dose Dose-Rate Effectiveness Factor be one?.

R
t
b
u
9

a
(
i
r
t
u
i
i
j
s
s
t
c
v
h

2

n
F
r
i
t
s
c
n
l
s
a
t

2

i
b
e
e
1

h
b

Fig. 4. The influence of inhalation of 91Y on life span in the Beagle Dog. The causes
of  death are illustrated in the figure with acute lung deaths as red circles, lung
cancer (blue diamonds), other cancers (green squares) and non-cancer deaths as
Fig. 3. Photograph of the members of the debate at the Radiation Resear

esearch was conducted to study the role of dose distribution,
otal dose and dose rate on the induction of cancer in the lung
y inhalation of beta-gamma emitting radionuclides. This research
sed radionuclides with a range of physical half-lives: 90Sr, 144Ce,
1Y or 90Y. The effective half-lives, which combine biological clear-
nce with physical half-life, range from 2.5 days (90Y) to 5.6 years
90Sr). Each radionuclide was delivered in a fused-clay matrix and
nhaled as small particles. Large lung doses delivered over a wide
ange of changing dose rates resulted, with little dose delivered to
he remainder of the body [5]. After exposure, the animals are eval-
ated over their lifetime for the development of disease. This results

n dose–response and dose–rate response relationships to be used
n risk assessment. Such information is not available for human sub-
ects. Bill carefully reviewed the literature on these studies. From
uch studies, biological effects can be related to radiation expo-
ure, dose rate, etc. [6]. Bill recognized the value of these data and
hrough his efforts was able to get all the data from these studies
ollected and transferred to Gayle Woloschk at Northwestern Uni-
ersity. This initiative preserved valuable data that might otherwise
ave been lost.

. Whole-body exposure to 137Cs

Bill’s interest in IDRM was also a response to the Fukushima
uclear accident. 137Cs was the major radionuclide of concern at
ukushima. Bill convinced Erika June Peterson to do her M.Sc.
esearch at WSU  on “Dose-rate effects of 137Cs on survival time
n the beagle dog”. Two very interesting observations came out of
his thesis. First, animals exposed to low levels of 137Cs had better
urvival times than controls. This was related to the fact that, in the
ontrols, there was a relatively high frequency of kidney disease,
ot present in the animals that had inhaled low levels of 137Cs. Did

ow doses of radiation alter disease patterns? Small sample size and
election of animals seemed to be a problem but the question is still

 valid one. Second, the lifetime survival was not different between
he low dose groups and the control.

.1. Lung

Extensive research has been conducted on the health effects of
nhaled radioactive materials [3,4], including radionuclides both
eta-gamma and alpha emitting radionuclides. To evaluate the
ffects of dose rate, research was conducted using beta gamma

mitting radionuclides with a range of physical half-lives: 90Sr,
44Ce, 91Y or 90Y. Dose rate changes rapidly with time for the short-
alf-life materials; thus, using a single dose rate to describe the
iological response is difficult [5]. Fig. 4 shows the results for dogs
open circles. High dose cause acute death, next lower doses high incidence of lung
cancer and lower doses no significant changes from controls.

that inhaled 91Y, with the initial dose-rate plotted against survival
time and the causes of death shown as different symbols: acute
lung deaths, red circles; lung cancer, blue diamonds; other cancers,
green squares; non-cancer deaths, open circles. Similar patterns
were seen for each of the inhaled radionuclides. With high ini-
tial dose-rates (1.5–3 Gy/day), a large dose was delivered within
a single cell cycle (the average cell cycle time in lung epithelial
cells is about 30 days). Such high dose rates would be calculated
to deliver large doses (45–90 Gy/cell cycle), causing extensive cell
death; almost all of the animals died within one year of the inhala-
tion, from acute lung damage, including radiation pneumonitis and
fibrosis [5]. As the dose rates decreased to 1–3 Gy/day, survival time
increased and the frequency of lung cancer was very high. Perhaps
the chronic inflammatory disease, cell death, cellular and tissue dis-
organization were critical in the formation of lung cancer. However,
when initial dose rate was  further decreased (0.2–1.0 Gy/day or
6.0–30 Gy/cell cycle) the acute cell killing was  reduced, cell replace-
ment was possible and most of the dogs did not die early from acute
lung damage.

In dogs whose lungs were exposed to high doses and high
dose rates, high levels of reactive oxygen species (ROS) would be
expected [32]; chronic inflammatory disease was  present [7] as
well as tissue disorganization [8] and modification of the immune
system [9]. All of these factors play major roles in cancer devel-

opment. If this dose was  delivered as an acute lung exposure, all
the dogs would quickly die. As the dose rate further decreased,
protective processes may  have been initiated, such as protective
adaptation [10] and selective apoptosis of transformed cells [11].
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F onuclides that resulted in a total integrated dose to the lung of less than 20 Gy. There was
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Fig. 6. This figure shows the dose-rate, time and bone cancer incidence plotted in
3-D for animals that ingested 90Sr over their lifetime. The figure illustrates that at
ig. 5. The biological responses summarized for of all the inhaled beta-gamma radi
o  significant difference between this exposed group and the controls.

his illustrates that dose rate and dose distribution are both impor-
ant, especially when the total dose is high. The major point of this
raph is to demonstrate a marked dose rate effectiveness factor
10–30) when measuring acute deaths from radiation, depend-
ng on the radionuclide. Exposure to 90Y is more similar to acute
xposure, since each cell receives almost all of the dose in a sin-
le cell cycle. As the effective half-life increases, the dose per cell
ycle is reduced, repair and repopulation are possible, and survival
ncreases. However, when the dose rate is lowered to a level where
he animals do not develop chronic inflammatory disease, the life-
pan and lung cancer frequency are not significantly different from
he controls. This effect was seen even though the lung dose was
s high as 20 Gy. Using the information that 0.1 Gy results in 100
hits/cell”, an acute exposure to 20 Gy would result in 20,000 hits
n each cell. If the turnover time of cells in the lung epithelium is
bout 30 days and it takes 91Y 180 days to deliver 90% of the dose
20 Gy), then on the average, each cell would receive an estimated
300 “hits/cell/cell cycle”. Fig. 5 shows that even with these large
umbers of hits, there was neither life shortening nor increase in
ancer frequency in the lungs. This illustrate the ability of the lung
o repair damage and further supports the presence of a large dose-
ate effectiveness factor, which would be infinity if no cancers were
nduced in the exposed group [5].

.2. Bone

There have been several very good long-term follow-up studies
n the effects of radiation in human bone. The best example is the
ase of the Ra dial-painters: young women were employed to paint
uminescent Ra dials on watches. Ra is an alpha-emitting radionu-
lide and some of these workers developed bone cancer [29,30].
hese data showed that even for alpha emitters there is a marked
hreshold below which there were no excess bone cancers.

Studies were initiated to evaluate the effect of beta emitters on
one cancer in beagle dogs. Fig. 6 summarizes the data developed
t the University of California, Davis. Dogs were fed 90Sr over their
ntire lifetimes, starting in utero. The figure relates radiation dose
ate to time of death and bone cancer frequency [12,13]. Since 90Sr
oncentrates in bone, this was the primary site of cancer develop-
ent. This figure firmly demonstrates that at low dose rates less
han 0.01 Gy/d and at times close to the total lifespan of the dog,
here was no increase in the frequency of bone cancer relative to
he controls. At higher dose rates (0.01–0.1 Gy/day) and at times
onger than 4000 days, there was an increase in bone cancer. This
early times and after low dose rate exposure there is no increase in bone cancer until
the  total dose is above about 10 Gy.

was a late occurring disease after high dose rates which resulted in
large doses to the bone (>10 Gy). If this same dose were given in a
short time, it would result in 100% lethality.

The non-linear dose response and reduction in the response
is related to the low dose rate and the non-uniform distribu-
tion of the dose. These types of studies along with human data
have led to the development of tissue weighting factors for bone
(NCRP 1993), indicating that bone is a very radiation-resistant
organ and that doses from radionuclides such as 90Sr are not as
hazardous as whole-body doses. For such non-uniform exposures,
many of the organs and systems that are important in altering radi-
ation response are not damaged and provide protection against
radiation-induced risk. The immune system is an example. Partial
body or protracted exposure has the potential to affect the total
body immune system [14]. However, when much of the immune

system is not exposed to the radiation, there is little effect. It has
even been suggested that low-dose-rate exposure may  stimulate
the immune system and increase lifespan [15]. Acute whole-body
radiation exposure, such as used in radiation therapy, can cause
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arked suppression of the immune response and an increase in
ancer frequency [9]. Under high dose/low dose-rate exposure con-
itions, tissue disorganization [8], extensive cell signaling [16],
hronic inflammatory disease [17], fibrosis [6,7] and changes in ROS
tatus play a major role in subsequent development of cancer. All
f these effects are highly dose and dose-rate dependent.

.3. Liver

Data on radiation-induced liver cancer suggested that the
isk was lower in the low dose groups than predicted by linear
xtrapolation from the high dose groups, suggesting a non-linear
ose–response relationship (ICRP 2001). Liver injury plays a major
ole in induction of liver cancer. The very large doses produced
y Thorotrast produce extensive chromosome damage and cell
illing [18]. The interaction between liver damage from alcohol
onsumption and radiation exposure to 241Am causes a marked
ncrease in liver cancer in dogs [19]. Stimulation of cell prolifera-
ion by partial hepatectomy following injection with 144Ce–144Pr
lso increases the frequency of liver cancer [20]. All of these effects
ndicate that injury, cell proliferation, tissue disorganization and
nflammatory disease have a marked influence on cancer induced
y low dose-rate radiation exposure, and suggest the need for re-
valuation of the risks from IRDM. In no case was deposition of
adioactive material in the body as hazardous as either single-acute
r protracted-whole-body radiation exposure. The risks to the lung,
one, and liver from IRDM are probably overestimated; Bill Morgan
uggested on many occasions that additional reviews of these data
re needed.

. Scientific reviews

Bill was very active in writing reviews and summarizing the data
ublished in relatively new fields. Two areas where his reviews had
ajor impact were non-targeted effects and genomic instability.

ill wrote extensive reviews on the bystander effect and on cell/cell
nd cell/tissue communication, topics which questioned the “hit
heory” [21]. Bill, his students, and fellow scientists were among
he first to develop systems to measure and monitor genomic
nstability [22,23]. Bill was also very active on committees and in
lanning meetings to make sure that the most recent data was
vailable to those who are charged with setting regulatory stan-
ards [10,24,25,26]. Indeed, Bill was working in this area at the
ime of his death.

Bill helped to write a manuscript focused that frames some of
he problems that remain in the field of radiation biology [27]. One
f Bill’s major concerns was to produce information that the general
ublic could use to assess radiation risks [28].

. Summary

William F. Morgan (Bill) had a significant impact on every field
f science that he touched. He was a good science manager and put
ogether a broad-based team of scientists to study the biological
ffects of low dose and low dose-rate radiation exposures. His pub-
ication record and his accomplishments as a science advisor and
eviewer were remarkable. While at PNNL, Bill gained a great inter-

st in IRDM; in only a few years, he managed to have an important
ositive impact on this field. We  remember Bill as a happy face, a
riendly greeting, a true good friend, and an avid promoter not only
f his own interests but ours as well.
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