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This has been a broad investigation of physiological ard - rphologl *Fal charges

Various types of observations have been in progress at the same
to the vam.ablllty ard availability of special clinical opporiunities
tc the use of 13 11 owing to the necessary time intervals between
observations on am.mals and in man, and owing to acute demands on re
when unique opportunities arose, efforts have been directed in diff
depending on the circumstances that existed. The persom'xel engaged in

oontlnually occupied with different aspects of the project deperding on varsty
of circumstances. Indeed, the collection of material fram irradiated *hyrelds

and the study of these nmvn.dtals has extended over many years in order]to collact
e.nough data to permit satlsfactor'y conclusions. We must be contlrmal.ly foclad w to
go into detailed study each time an oppertunity arises, but remain occupjed writh cther
more elective animal studies when circumstances are not pressing.

The study of the morphologic changes grew out of the first observatjons on
treated thyroids in man. A good many years were spent developing vari methocs of
column and paper chromatography for the separation of iodinated campo at a te
when these methods were not available. These methods were used to study]sequential R
changes in the amounts of these compounds in blood and in thyroid tissvelin nermel anc
irradiated thyroids. Extensive ard dgtalled observations were made by tjese methods
on selected patients at the time of 1311 therapy, ard the information stored Ior
reference as follow-up information was obtained on these individuals th 2 the mars




A variety of long term studies on animals have simultaneously beer
to determine the potentialities of irradiated cells with respect to g
to nuclear structure, to changes in capacity for cell division, to neo
and to the life of the cell that is crippled by radiation. These o Eg ations have
led to information useful in recent national population studies on Ijexposure. The

various studies supported by this contract are briefly described in the|paragraphs
that follow: :

in progress
dular function,
asm formation,

The Development and Use of Column Chromatography for the Separation of
Amino Acids

[odinated

A method for measuring the formation and disappearance of 1odmata#
in thyroids was desirable not only to study the normal steps in the syn
thyroid hormone but to observe the effects of radiation on those steps |
and on thyroid function in general.

When starch column chromatography of amino acids was first describg
Stein and Moore in 1948, the pr:mc:.pal investigator, while still in Bos
to modify this tec}mque so that it might be applled to the quantitative
of iodinated amino acids.
using an acid medium, first proved effective that the first report by 13 !
appeared (1948) on the use of paper chrainatography to separate iodinateq amino acids.

of crmomatographic separation was tested in a large variety of experi
the absolute identification of the iodinated amino acids, the ecuplet :
separation of the compourds and the reproduc;.b:.h.ty of the separations.
followed a lengthy pem.od of study on the possibility of mtemhange of

tookplace Agreatdealoftmeandeffortms then devoted to trying
of inhibiting this interchange without otherwise altering the nature of
samples. Sodium thiosulfate proved to be an effective inhibitor of iodi]
This was later supplanted by thiouracil, but in the process of exploring
problems the entire solvent system was changed to an alkaline medium whi
with starch columns proved to be a more satisfactory but extremely labor
of separating iodinated campounds. By careful adjustment of the ratiocs
constituents of the solvent and the addition of a small amount of the
it was possible to separate thyroxine, iodide, monoidotyrosine and dii
quite effectively and interchange of the label did not occur during frack
See attached Figure 1. Collection of eluent in 2 ml volumes from starch
permitted the separation of the compounds by as much as 20 milliljters of
reproducibility of the separation on starch columns was proven by rerumn
lzbeled compourds, previously recovered, with other unlabeled compourds §
under what circumstances complete recover ;| failed or interchange of the
in compounds occurred.

By using this method, two unknown compounds were repeatedly fourd i
tissue. For more than 2 years efforts were made to identify the largest

thyroid

most important of the 2 unknowns which was repeatedly found on each frac

of thyroid tissue. When Gross and Pitt-Rivers described 3, 5, 3-triiodo

paper chromatograms, our “Unknown #1" proved to be this compourd.

ionation
thyronine on




Study of the Hydrolysis of Thyroid Tissue for the Quantrcatlve Recovery of] Iodinated

Campounds

A method of removing the iodinated compourds from thyroid tissue as al preliminary
step to separation and quantitation was required. Methods of hydrolysis f rel..asmg
iodinated compourds from thyroid tissue without either degradation or synthesis of new
substances was thoroughly explored. Isotopically labeled compounds isolatgd in pure
form by column chramatography were subjected to hydrolysis in the presencejof ncn-
labeled thyroid tissue and other types of tissue. This was done to test the reliability
of the recovery of each iodinated campound under controlled conditions. A reduc:ing
agent was added to the hydmﬂim to lnhlbl‘t interchange of iodine atams dfring the
process of hydrolysis. bourd to each of the original c
the exception that as much as 17% of +31I in thyroxine might be freed as i¢dide when
thyroxine was exposed to the hydrolysis of thyroid tissue. The compound, Jater
identified as triiodothyronine, was also slightly unstable under these conditions of
hydrolysis. Triiodothyronine cometimes represented as much as 20% of the fotal yield
of iodinated compounds from tissue.

The methods which were developed were used to quantltatlvely study bioclogical
synthesis of thyroid hormone in thyroid tissue when 1317 had been given as

to rabbits. The work utilizing this method of separation of iodinated p acids
was published in 1953.

Dobyns, B.M., and Barry, S.R.: The Isclation of Iodinated Amino Acids Thyroid
Tissue by Means of Starch Colum Chromatography: J. Biol. Chem. 204: u417-53,
September, 1953.

This repart described the quantitative changes in the i 3ide and iodirg
campourds in the id as time passed following a dose of I given to rpbbits.
It also desc:mbed%omrk of thep;f*ecedmg 3 years on the develclg;fnent of the
the reproduc:.blllty of the results, the identification of the compounds and] their
individual stability in the system, and the nature and control of the hydrdysis of
thyroid tissue. The biological turnover of iodine was illustrated in rabbi
studying the thyroid at various intervals of time after 1317 had been give
attached Figure 2. Although the iodide fraction contained a large amount o
ard the thymx:me fraction contained very little, the iodide and thyroxine
shifted in favor of the thyroxine with the passage of time. The mono- and fiiodo )
fractions were major sites of 1311 in the gland during both the early and lkte pem.ods
of observation. The prompt observance and thereafter steady state of the ijotope in
the mono- and dijodotyrosine fraction prompted the hypothes:Ls that mono— an§
diiodotyrosine served as a holding mechanism for iodine (storage) before itfwas

converted to thyroxine.

but in these columns there was a forermng peak which proved to contain v4
amounts of each of the same amino acids that were separated as the chramatog
developed. Under these circumstances the method could not be used quantita 1vely far
iodinated compounds in serum or hydrolysates of t:.ssue. It did, however, pd mit

ard was therefore used for this purpose msoneexpem.ments. Agreat@al
was devoted to resolving the forerunning mixture of unseparated substances. | Bowewver,
this proved fruitless and the method was abandoned.




The Use of 1% Labeled Tyrosine to Explore the Svnthesis of Thyroid Ho

The 1311 studies dealing with the synthesis of iodinated unds in fabbits
led to additional work attempting to use a second isotope. Some 1YC labelef tyrosine
with the label in the carboxyl position was incubated with thyroid slices ih a nutrdient
solution to study the sequence of the synthesis of thyroid hcrmone. As expected, the
¢ 1abeled tyrosine was recovered in its original form in the thyroid tisghe slices
but none of the lY¢c was found in the mono- or diiodotyrosine fractions. Itjwas
surprising then that some of the 1% appeared in the thyroxine and triiodothyronine
fractions recovered from these slices. Because of the longstanding and unifersall:
attractive theory that the synthesis of thyroxine is accomplished by the ccopbination
of two iodotyrosine molecules, this apparent by-passing of mono~ and diiocdogyrosine
to form thyroxine was unexpected. See attached Figure 3. It should be poihted out that
the yields of 1l4¢ in the thyroxine and triiodothyronine fracticns were very] smll but
significant. This was repcrted in the discussion of the paper by Gross and] Pitt-Riwvers
at the Laurentian Hormone Conference in September, 1953.

Dobyns, B.M. In discussion of a paper by J. Gross and R. Pitt-Rivers. bid Hormone
Physiology and Biochemistry. Triiodothyronine in Relation to Thyroid Physiplogy.
Recent Progress in Hormone Research 10: 119-121 Academic Press, 1954.

Although the experiment demonstrating the phencmenon of tyrosine by-papsing of the
mono- and diiodotyrosine to form thyroxine had been successfully repeated bpfoce the
observation was reported, it was looked upon by others with same skepticismp The
experiment has since been performed a total of 7 times confirming the synthpsis of a
small amount of thyroxine from tyrosine without forming mono- or diiocdotyrokine from
the labeled tyrosine. These incubation experiments have been performed usihg 1311
to label iodide and 1%C to label the tyrosine in the same incubation experifents. The
two isotopes were counted in the various fracticnated samples and their dispribution
determined by first counting the 1311 and then permitting all of this isotope to decay
and then counting the 1%, “see attached Fj 4. The 13} jodine was_abuhdant in the
mm—anddiiodotymsinebuttherewasmlcintheseoompqnﬁs. The 1% sine
again appeared in the thyroxine and triiodothyronine fractions in small but] significant
amounts.

Paper Chromatography of Iodinated Compounds

Although it was possible to completely separate the iodinated compoundg by the
starch column method developed and described, it was so laboricus that it rpquired
almost a week to run a single separation and count all of the samples from ft. It
was therefore_ impossible to use this method of separation for a series of shmples .
oonmi.rﬁ.ng1311andcollectedoveraperiodof}mmsorafewdaysbecause e small
amount of isotope in iodinated compounds decayed before it could be measurefi accurately.

During and following the development of the starch colum chromatography, paper
chramatography gained increasing popularity. Our method of paper chromatogiap
was developed as a quantitative method using a butanol-dioxane-ammonia solvpnt in a
descending fashion. This we developed for our own use from one of the two pteps of the
two dimensicnal paper chrcmatography criginally described by LeBlond and Grpss. This
general pattern became very popular and was widely used.

The paper method using butanol as a principal ingredient of the solvenk in an
acid medium was extensively studied in our laboratory because it was rapid hnd seemed
reasonably quantitative. Much time was spent studying this method as it wap being
used by others. In the light of our experience with the acid medium used ofiginally



in the starch colums, it seemed necessary to determine the circumstances lwhich
introduced variability in the paper system. Interchange of the isotopic Jodine

label again proved to be a seriocus objection to the method when an acid ium

was used. The shift to ammonia in a butanol solvent resolved problems of linterchange.
It was found that the water-butanol ratio could be adjusted very criticall}y by
reducing the temperature of the freshly prepared solvent and thus reducing the
solubility of water in butancl. The removal of excess water (by separatiqn) at the
lower temperature and the return of the solution to rocm temperature made fthe
chrematography procedure very reproducible. The separation of all the imgortant
compounds was surprisingly clean.

The quantitative paper chromatograms proved to be much less laborioud than
column chromatography. It was then possible to carry out a series of g i
determinations on the serum and urine of a patient in a periocd of a few w
led to a very extensive study of serial qt,iantitative chromatograms on bl
days ard weeks after a treatment dose of 131I had been given. These studiks will be
described in a later section of this report.

Cellular Changes in Human Thyroids Treated with 1311

During the late 1940's the responsible investigator became interest
bizarre nuclﬁ forms found in thyroids of same patients who had previocus
I

treated with Since the responsible investigator is a surgeon, there been

a unique cpportunity to procure samples of previously irradiated thyroids er very
strict experimental conditions, irdication for surgery usually being the val of
residual masses. With the timing of the procurement of the sample followinf trace

doses of 1311 and the analyses being carried out in the laboratory under supervision
of the same person who designed the experimental protocol and procured the les of

tissue, it has been possible not only to obtain, with precise timing, tiss
out special histological techniques but also to observe the synthesis of th
hormone by these irradiated glards. At the time of the move from Boston toCleveland
a total of 29 human thyroid tissues had been collected. Although much of
been done under the former contract in Boston, the preparation of the materfal and of
the publication was accomplished later. The most important observation in fhis study
of radiation effects was the large, bizarre muclear forms that appeared in fhe human
thyroids long after the radiation fram 131lI vas gone.

Dobyns, B.M., Vickery, A.L., Maloof, F., and Chapman, E.M.: Functional and Histological
Effects of Therapeutic Doses of Radicactive Iodine on th- Thyroid of Man. {. Clin.
Endocrinol. § Metab. 13: 548-567, 195s5.

Early Radiation Experiments to Study Changes in Cellular Structure and Funcfion in
Animals

When the bizarre nuclear forms were first discovered in man, animal e
were designed to observe long and short term effects of radiation in thyroi
given various doses of 1311, More than 200 young rats were injected with v
doses of 1311 ranging from 1 uc to 300 uc. The uptakes were determined, an
subsequent functional nature of the thyroids studied. This study became
effort of Dr. Farahe Maloof who was a co-worker and now the head of the th
labaratory of the Massachusetts General Hospital. Graded impairment to
demonstrated in the animals. See Figure 5. The two most interesting histo
in these thyroids following irradiation were a persistent increase in cell
thyroid epithelium even in the slightly irradiated glands and the bizarre n
as had been seen in some of the human material. The increase in cell heigh
thought to reflect an endogenous stimuilus from the animal's pituitary resulfing from




subtle functional imEaj.rment, was present for 1% years following doses of 20,
50, and 100 yc of 1317 to animals. It was discovered in these studies thay the
thyroids failed to enlarge in response to the administration of thiouracil

spite of the increase in cell height. The bizarre nuclear forms became ap t
after the administration of the thiouracil. Such changes were produced in pnimals
that had received 5 pc and were accentuated in animals that had received 20}, 50 and
100 pe. The results of these studies were published.

Malocof, F., Dobyns, B.M., and Vickery, A.L.: The Effects of Various Doses pf
Radicactive Iodine on the Function and Structure of the Thyroid of the Rat.
Endocrinol. 50: 612-638, June, 1952.

Morphological Changes in the Nucleus of Rat Thyroids Following 1317 Radiatibn

One of the primary objectives from very early in this contract has
the nature of the large irregular hyperchramatic nuclei in irradiated . Large
numbers of rats were placed on an iodine deficient diet for a number of dayk and then
given various single doses of 1311 to study nuclear changes in a variety offways. As
previously observed, changes appeared in several months and were accentuat
administration of thiouracil. The impairment to the glandular enlargement
usually produced by the administration of thiouracil, was again evident fo
of 1317 which were not large enough to cause architectural distortion. .By
frequent observations it became evident that the impairment to enlargement pbf the gland
in the mildly irradiated gland surprisingly did not occur promptly after 1
been given but occurred after a considerable lapse of time, long after the
vanished from the gland. See attached Figure 5. The appearance of abunda
nuclear forms and the inability of the gland to enlarge on thiouracil se

temporally related. These observations supported our belief that the irre nuclear
forms represented preparation for but thwarted attempts at cell division. failure
of hypertrophy was suspected to be a consequerce.

In order to explore this possibility, animals were divided into sew groups

depending on the radiation which they had received and were given colchici
attempt was made to determine a mitotic index in the previously irradiated
animals treated in various ways with thiouracil and colchicine. Unfortuna
mitoses seemed to be either sufficiently infrequent or unidentifiable so
experiments did not yield conclusive results as to the frequency of mitose
more extensive studies of nuclear change will be described.

Observations on the Biochemical Changes Resulting from a Single Therapeutid Dose of
1311 1n Man

Early in this project enormous amounts of time were devoted to collec%'n% very
detailed data, especially kinetic data, on selected patients who were giver 13L1T
therapy for hyperthyrcidism. Only selected patients could be used because pf the
enormous amount of time required for the study of a single patient. The s
clinical effects of 1311 therapy have been ultimately measured against a
background of data on each individual patient. It was hoped that in this
might be possible to find explanations for the great variation in the re
different patients to this therapy. The responsible investigator is in




The following is a brief outline of the observations made on these pat{ents-:

1) To determine the amount of the treatment dose taken up by the thyr
ith almost daily thyroidal measurements, determine the character of the di
urve of I from the gland.

2) To follow the concentrations of 131I in the serum at the same inte
he above observations were being made on the disappearance from the gland.

3) To determine the amount of 131y extractable (with water saturated
rom the serum.

id, ard
ppearance

vals as

butanol)

4) To prepare serial quantltatlve chromatograms to show the amounts o

various

odinated compounds in whole serum and in extracts of serum (hours, days andjweeks)
ollowing the administration of the treatment dcse. These serial observatiops not only

m.tlally reflect the abnormalities of the disease process and variations
atients before a substantial radiation effect occurs, but they also reflect
hat are induced by the radiation.

1315) To determine the subsequent function of the irradiated gland by
b

6) To make observations on the suppression of circulating lymphocytes
ytes each time the above observations on blood were made. This was done onl
ears of the study.

7) To relate the bicchemical data to the effect of the total dose of
elivered and to the ultimate clinical course of the disease.

ng
changes

ne#surement
I uptake and hormone production and to relate these to the pretreatmeny observations.

and gramilo-
y in the early

adiation

The rise and fall of various compounds (such as thyroxine and triiodo
he appearance of certain other campounds (such as mono-iodotyrosine, diiods
nd thyroglobulin), after the treatment dose reflected not only the effect o
adiation, but also probably reflected the features of the abnormal physiolo
isease before the radiation effect becames significant. Retrospectively,
atterns of iodinated compourds in the blood, the alterations in rate of re

adiocactivity from degraded thyroxine to the thyroid, and the subsequent tes§i

he functional capacity of the gland permitted an analysis of what had oc

Because of the large amount of labor involved in the study of each pat

his study, only selected individuals were used. During the early part of
he personnel on the study devoted almost all their time to these studies.
s the cther long term studies have evolved, more selectivity of patients
total of about 2,500 chromatograms have been prepared on approximately 225
arially studied over the course of about 15 years. These very extensive da
o5t only been analyzed but also stored for reference and reviewed from time
he light of subsequent clinical developments in these patients. Many of
re related to other observations described under this contract.

sntribution of the 1311 Kinetics Data of the Public Health Service Follow-

Uiu.{ed States Public Health Service undertock a follow-up stu
arge rnmber of I treated patients in various centers particularly intere
hyroid disease, the responsible investigator of this contract was asked to
he protocol committee and subsequently became chairman of that committce.
aboratory became one of the 19 centers in that study. In the course of the
ata accumulated at various centers, it was found that there was considerabl




1 the extent of the observations that had been made on 1311~‘cr‘éateq patienys.
Lthough percent uptake of the treatment dose, estimate of gland weight, anq spot

1ecks of urinary excretion were often obtained, detailed data for better ujder-
:anding the kinetics of the 131y such as the long term sequential observatjons on
shavior of 1311 in the gland, the changing levels of radicactivity in the Hlood

‘tivity ete., were usually not available. Because neither the cbservation
rthods of making the cbservations were uniform among the institutions, it
> make comparisons based on fragmentary data between patients in different i
: therefore seemed desirable to try to discover patterns of response from

complete
1ita on a few patients so that reasonable predictions could be made for misging data
1 otherwise similar patients on which only incomplete data were available. | The
itailed data which had been assembled in our laboratory over some years un this
C contract (including the long term follow-up data) were drawn on rather vily
it superficially in an effort to prepare models of kinetics in various clirfical
erapeutic situations. Data on sequential blood levels of 1317, disap e rates
er the thyroid, sequential urirary excretion of radioiodine and the ap ce and
sappearance of iodinated campounds in the circulation as they relate to clinical

‘fect were furnished. However, time has not permitted their use. Altho
eering committee has felt keenly that data where it might relate to kinetiks should
: tested thoroughly where the data were available, there have not been
:quainted with the problem nor funds available to explore this area of the
udy. Dr. A. Bertrand Brill who was the USPHS physician and who originall:
tional study is now at Vanderbilt and particularly interested in this a
tional study. To date direction of the national study has been toward le
oplasm development. More will be said of this later.

e Disappearance of 1311 from the Thyroid Following a Therapeutic Dose of

In general, there are tilree types of curves that describe the disap ance of a
erapeutic dose of 131T from the thyroid:

1) A rapid decline of 1311 from the gland. This is seen where very éurge doses
1311 are given for the purpose of producing rapid complete destruction offthe thyroid.
ry soon after a large dose of 1317 was given (days) the §land was unable tp trap
e 1311 jocdide which became available from the degraded 1 ll-thyroxine in tixe circulation.
ter the loss of 13lT is due to disintegration of the gland.

Occasionally the loss of thyroid function did not follow such a precip
cline in 1317, "The serial quantitative chromatograms reveal that there
tients who make thyroid hormone very rapidly and release it into the ci
at much of the radiation effect is delivered in the circulation rather
groid. This was shown by the_ very rapid disappearance of 131T from the g
pearance of high levels of 131 thyroxine circulating in the blood.

There were other patients who showed a steep decline in thyrcidal radi
t who did not show a favorable therapeutic response. In some of these si

rticular patient was actually found to be producing more triiodothyronine
yroxine. In this patient the serial chramatograms of urine also revealed qonsiderable
sunts of triiodothyronine. It subsequently became clear that triiodothyrofine was
t well bourd to protein in the circulation and that considerable amounts of it spilled
t through the kidney. Thus the opportunity for this 131 to return to the fthyroid
3 lost. The extreme examgle of this phenomencn was observed in a patient
r therapeutic doses of 317 (with a total of 26 quantitative chromato
> hyperthyroidism was controlled.



riicdothyronine Production in a Patient with Severe Graves' Disease. U

obyns, B.M.: The Failure of Radiociodine Therapy Presumably Owing to H:Lg)IL
np

These observations prompted an analysis of data from those patients

here had been triiodothyronine found in the serial chromatograms. At thag

f 52 patients studied had triiodothyronine in the circulation early in
bservation. Most of these were Graves' disease. Most were classified as
ore severe clinical manifestations of thyrotoxicosis and almost all displ
apid conversion of iodide to thyroxine. Triiodothyronine was also found
oxic aderomatous goiter; in two patients there was a small functioning
hyroid tissue after an almost total thyroidectomy had been performed; and

atients were treated for angina pectoris. These findings were summarized
ublication.

enua, R.S., Dobyns, B.M., and Ninmer, A.:
reated with Radicactive Iodine. J.
ovember, 1955.

Triiodothyronine in the Serum g
1in. Endocrinol. & Metab. 15: 1367-13

Another_cause for rapid decline of 131I from the thyroid is the presd

having
ved a very

f Patients
78,

ce of unknown

surces of I which will dilute the 131 when it is returned to the circ
tudy of this phenamenon was carried out by the deliberate administration
ases following the treatment dose. Contrary to expectation it did not ab
1e steep decline that was observed in some of the_patients who failed to
ibsequent. ubservations suggest that although the 1311 may be_released
ipidly and diluted out of the circulation by an excess of 1271, the exces
low the actual release of hormone from the gland in Graves' disease. The
3sult is therefore retention rather than loss from failure to recycle the

2) A high uptake followed by a very slow gradual decline of 31T f

ation. The
1 in some
ys produce
spond.
the gland
127I may
ver-all
odide.

wyroid. This was the natural disappearance curve that represents the biol
irnowom of iodine. This suggested that there was no disintegration of the
r destruction of thosemechanisms which retrap that iodide which is made a
com thyroxine . that has been used by the peripheral tissues. In spite of
low type of disappearance curve, many thyrotoxic patients with this patt

/er quite a number of months. A prompt dramatic clinical improvement, fol
xon after by hypothyroidism, was seldom seen following this curve.

3) A well sustained 1311 level in the thyroid for 7 to 12 days follo

ailable

ceak in the curve and a sharp decline. This pattern in almost all instanc
srrelated with a fairly precipitous subsequent decline in thyroia function
srial quantitative chromatograms in such cases suggested that the change i
I the curve represented a failure of the gland to retrap iodide. A varie
isappearance curves are shown in Figure 6.
ove, 1317 vas not recycled back into the thyroid. Wwhen this break in the
irve was clearly demonstrable, the incidence of myxedema was noticeably in
1ese observations and others were described in a publication.

:nua, R.S., and Dobyns, B.M.: Iodinated Campounds in the Serum, Disappear
dicactive Iodine from the Thyroid, and Clinical Response in Patients Trea
diocactive Iodine. J. Clin. Endocrinol. & Metab. 15: 118-130, Jamary, 1

Apparently following the break i




There was a relative increare in the amount of c:::ulating 1311-jodipe in

roportion to other iodinated compounds shortly after the break in the cur
umerous instances. A coincident rise observed in the excretion of radios

he urine seemed to reflect a failure of retrapping of iodide by the gland.

It had been the policy to prepare butancl extracts of serum from whi
f the quantitative chrcmatograms were made. Concentrating the icdinated
nhances the possibility of detecting more unusual substances that might He
nly in minute quantities in whole serum. The butancl used for extractior
aturated with water so that iodide in addition to iodinated organic moled
ecovered. Other chromatograms were prepared on whole serum for purposes
he extractability of the radiocactivity in the serum us:Lng this extraction
bserved to decline as the radiation effect took place in the thyroid. At

Ve in
ctivity in

Ch scme

Compounds
present

was

1les was

pf comparison.
system was

the same

ime chmmatograms from whole serum showed that the rad:.oactlvn.ty represe
nsoluble fractlon and remaining at the appllcatlon point increased marke
epresented cicculating thyroglobulin. In some instances the extractabili
ormally is 85% to 95%, dropped as low as 65% to 70%. Where this occurre

ubsequent clinical m\provement was usually quite prampt and hypO'thyI"OJ_dl
redictable outcome.

ing the
y. This
, which
the
was a

he Significance of Mono- and Diiodotyrosine in the Circulation Following £31r Therapz

or Hyperthyroidism

Farran, Lea, Goolden and Abbatt had reparted that the presence of mg
_u_odotxxcsm in the circulation in patients with thyrotoxicosis was an il
therapy might fail. Their observations had been made on single

lood from 92 patlents. In contrast to their observations, when multlple

ho- and
ndication
samples of
leterminations

n the form of serial quantitative chrcmato%vams were available on appro
- atients with thyrotoxicosis treated with 1 11, the observations of the
ere not confirmed. It was found that those patients who had mono- and
n the circulation ultimately displayed a more striking radiation effect.
atients the mono~ and diiodotyrosine began to appear on the fourth or fi
ollowing the administration of 131I. This appearance was usually accom

educed extractablllty of the radicactivity from the serum, a greater quanfi

adiocactivity remaining at the application point when whole serum was
. prampt subsequent clinical improvement, and a high probability of subse
Lypothyro:.dlsm See attached Figure 7.

n the form of mono- and duodotyrosme represented products of dn.smteg:a i

issue. When found, it was usually in minor quantities in the circulation|

‘amparison of Two or More Treatment Doses in the Same Individual

We have been on the look out for patients who required further re
adicactive iodine so that it would be possible to campare all of the obs
isually made on radiation effect under the two therapeutic conditions. On
iituations may exist in the patient who requires further treatment. Some
ittle clinical radiation effect; others may have had an effect which was

ronsiderable
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but not adequate. Repetition of the detailed studies in both types of phtients have
been desired, but unfortunately the enormous investment of time ana effoft to fallow
a single treatment dose in one patient has been so great that it has only been
possible to study selected patients. Thus, it has only been a chance ocfurrence thas
an additional therapeuti: dose of radiociodine was necessary in a patient]who had beer
completely studied on the first ocia ion. Partly by chance and partly by design a
few patients were given a dose of 1311 which was not sufficient to re the patient
to a euthyroid state. A second therapeutic dose exactly equal to the fi¥st was
subsequently given in a few instances and all of the observations repeatdc. The
comparative studies of the two treatment doses have not revealed infamagion that «as

particularly informative, except that the second dose was often not take up as well
a8 was tha first.

. . . -t iaa
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in the Ci:cution Following ~°+1 Therapy

Ithasbeenggintedout that in serial chromatograms of serum folldwing a
treatment dose of I there was an increased amount of radiocactiv_.ty at fhe appiicat=:
point. Paper electrophoresis was used to explore the nature of the iodirhted compounc:=
which remained at the application point. These observations although carpied ou
pericdically for a number of years, did not reveal striking results excepf to show tha—
much of the radicactivity was in the alpha globulin fraction and probably] represented
the thymzd.ne-birding ocbulin. Ultimately when the patient reached the hypao oid
state, considerable 1311 yag in the albumin fraction.

The Role of Triiodothyronine in Hyperthyroidism

Since we and others had identified triiodothyronine in the circulatjon of man
and its rapid and potent metabolic action had been proven, the possibility that i
represented the principle form of thyroid hormone in thyrotoxic patients das entertaimes
by many persons. Among other theories it was thought that thyroxine mighy§ be ﬂn‘ﬂ
precurscr of triiodothyronine. As previously described, the large number serz
chromatograms on 1311." treated gatients probgbly reflected basic physiology of e
disease ummediately after the 1311 yag given and later after hours and dfys had
passed reflected the radiation effect. Triiodothyronine was found in the khromatogram
of serum of many of the more thyrotoxic patients. The chromatograms done fn the very
early samples of blood often showed that triiodothyronine, if present, apfgeared sooner
and in larger quantities than thyroxine (especially in the most toxic patints). This
observation tended to discredit the.possibility that thyroxine was the prefursar £
triiodothyronine.

There was in our series an occasional patient treated with 1311 for hypertisroid=.
caused by a toxic adenoma. Some patients in a euthyroid state have been theated with
1311 and stidied in the same detailed way. In both situations ‘riicdothyrfnine was
occasicnally detected, showing that triiodothyronine was not peculiar to Gpaves!
disease.

/1



Our accumulated evidence has shown that triiodothyronine. is not the fesualt of

irradiation: first, because it appeared very early befcre appreciable radjation was
delivered to the gland; and second, because it did not increase further wi

<ime

but was subsequently greatly overshadowed by thyroxine afeer hours later wilen the b
radiation effect should have become mcre significant. Finally, it has beer] easier

to relate the presence of triiocdothyronine to high degrees of clinical toxfcity than to

subsequent clinical :herapeutic success of a single treatment dose of l I

In order to get a better perspective of the triiodothyronine metabolism in
patients treated with radicactive mﬁi considerable time was spent studying the
fate of triiodothyronine labeled with I and administered to humans. nons
wemmdempathSwztthves'diseasebefomandaftermmtmm i, asuel.‘.
as in normal individuals. There was special interest in those who were orifi
known to produce appreciable levels of triiodothyronine. The fate of trno‘c:xymr..::e
was observed in these individuals by quantitative serial chromatograms on shmples of
sennnandum Inaddlnm,memdzoacuv:.tywasmeamvedoverﬂxeh as it
accumulated in this organ. During the first 42 hours following the adminisprertion of
labeled trn.odothymm.ne more of the material remained in the circulation pauents
with Graves' disease than in nomal controls. At the same time more radicabtiwvity was
e:mtedmtheurxﬁofsmves'dzseasetlunmtmm This urinary] increase

to 131I_jodide. The increased excretion in the patients with Graves'
i occurred regardless of the metabolic state—whether it be untreated]hyper-
thym:.d:.smor hypothym:.d:.sm following treatment. Measurements over the lijer revealed
a maximal concentraticn minutes after the intravencus injection of triiodot}
This was followed by a marked fall. In Graves' disease there was a seconda cycllc
of radicactivity in the liver but this did not occur in the normal conprols. Te

ateoftheu'uocbthymmmemthepemphenaltlssmsuasmtsmdled he fact tat

triiodothyronine levels in the serum of Graves' d;seaseranamedhlgttrthmthr
i mrmalu:hv;dualsduungthefu‘stelnmsseenedmcmxfhctmththe bservaticn

ess impressive than the difference between all patients with Graves' diseade axd
These observations shed some light on the difference between patights with
ves' disease and normal subjects with respect to triiodothyronine but did nct
tribute information to an understanding of any possible relationship betwpe
iiocdothyranine metabolism and the radiation effect on the hyperfunctioning gland.

es, I.'B., and Dobyns, B.M.: The Metabolism of Triiodothyronine in Graves'|disease.
. Clin. Endocrinol. & Metab. 20: 68-80, January, 1960.




The Measurement of Desoxyribonucleic Acid in Individual Thyroid Cells Prefpiczsly
Subjected to +°+I Radiation

As this project has progressed, emphasis has shifted hat more s
purely physiologic toward the morphologic changes caused by I radiatiop. The
large bizarre nuclear forms originally found and described at the begimmi
this project have received mcreasmg attention. Smce crdmary sta.lmng me‘:nds

forms that were produced by small doses of 1311 plus thiouracil stimulad n, it

seemed appropriate to try to measure the amount of DNA actually contained]in such
rnuclei. Therefore, a histochemical method for measuring desoxym.bonuclea. ac3d in
these large nuclei of irradiated thyroids was adapted to this objective.

The method of Pollicter far the quantitative microspectr sphotometriq me—hod
of measurement of Feulgen stain within a nucleus was setupmoxmlabaaorymth
the suggest:.ons ard advice of Dr. Pollister of Colunbia University. qd the
Feulgen stain combines with DNA in a quantitative fashion, the amount of jtain
contamedwzt}unanucleus couldbemeastmedbyabsorbanceof transm:.tted Q)

stain. Rat thyroids were used in these studies. The staining procedure
out under highly controlled conditions. The irradiated and nonirradiated
whlchwetetobecanparedwemplawdsxdebysmeonﬂ\esamemcmscopl
that both tissues were exposed to exactly the same steps of preparation a
circumstances. Measurements were made under oil emersion magmflcatlon.
use of a calibrated diaphram it was possible to measure the tmnsnnss:.m '

through a piug of nucleus which was slightly less than the muclear diamets The
value for absorbance in the plug was then converted to the sphere, which przesenten
the volume of the nucleus. The mean diameter of each nucleus was dete ed Dy
direct micrometer measurements. DNA was recorded in arbitrary units. d vaiue for
a normal resting mcleusvasdetermnwdandstandardmedagamstmth ceils. A
value approximately equal to the diploid value in the rat cell was obtainei f-om

measurement on the liver.

When thiouracil which is a powerful stimulus to hyperplasia of the thvreid &S
given to an animal, the diameters of the nuclei of narmal thyroid cells in .
The DNA also increased toward values which represented two times the diplcﬁ =1ve, 3t
which point the cell normally is expected to divide.

Rats were given 10, 30, or 100 uc of radlomdlne after a temparary |
deficiency to inhance the uptake of the 131I. Thereafter a diet contai
amount of iocdine was resumed. One half of each group of animals was then
in their drinking water. Scme of each group of animals were sacrificed a
the remaining at 26 weeks.

None of the doses of 1311 used in this series of experiments was suffici=ntly
great to cause architectural distortion of the thyroid. However, the larg
were sufficient to interfere with the expected increase in thyroid weight
usually produced in normal thyroids by thicuracil. The lesser doses of r




produced proportionately less impairment to this capacity far gland hypertrophy.
(An example of the effect on the gland weight under the influence of the stimmulus
is shown from previous experiments in Figure 5.)

Even though there was no obvious evidence of architectiral damagk to the
thyroid, it was believed that these glands had sustained same intrinsi phys:.ologcal
mpaumntbecausethemwasanuxmeasemcellhelght. The histoche method
showed that in the nonstimulated nonirradiated thyroid the DNA of ea nucleus was
quite uniform from cell to cell. See Figure 8A. The stimulus of thioups alone
msultedmsanemclelcontammngNAt}antheavemgeresnngc bt in none
did the amount exceed two times the d:.plo:.d value Some of these celll were resumec
tobepmparmgtod:wlde After 10 pc of 1311 the DNA content and lear size
showed slightly mcre variation. The variation in DNA among individualjcells was
expressed as a standard deviation of the mean. Some muclei of radiatef thyroids
contained far more DNA than two times the diploid value, at which point the cells
should have divided. Theadm:.m.smuon of thicuracil to theam.mals ith slightly
irradiated glands caused an i variation in nuclear size and injthe DNA
content. The effects of 30 uc of I was even more striking. The lapge irregular
nuclei with excessive DNA appeared even without the superimposed stimujus. This was
greatly exaggerated when the stimulus of thiouracil was applied.

Further experiments, laﬁmg over several additicnal years, mcrejanimals and
a greater range of dosage of 11 were used (0, 5, 10, 20 and 40 auc; llouedfcr
intervals up to 1l years befare sacrifice). After doses of as little ap 5 uc, there
was little if any evidence of nuclear change; but when thiouracil was puperimposed,
thevam.atmanNAcorrtentmnacleJ.aga:mappeazed At levels of 2P and 20 )

there was spontaneous variation in DNA content. Examples of occasic nuclei
. containing multiples of approximately 4, 8, and 16 t:t.mesthedlploxd alues of INA
were fournd in same of these large bizarre nuclear forms. It was postujated from
these experiments that the cells had the capacity to build up DNA when|stimulated but

for some reason cell division was thwarted.

This histochemical method of measuring DNA in ruclei may be quesficned as to
preciseness by some workers. However, if the staining procedure is ve stn.ctly
controlled when camparisons are made with nonirradiated animals and abjporbance is
measured in a plug of nuclei that closely approached the size of the .,. nacleus, €
method has proved in our hands to be quite reproducible and very use in interpreti
the nature of the large bizarre ruclear forms that had previcusly beenjcbserwved by
ardinary histological techniques in irradiated thyroids. The results ¢f these
experiments carried out over a number of years were published in consiferable detail.

Dobyns, B.M., and Didtschenko, I.: Nuclear Changes in Thyroidal Epithelium Follcowing
Radiation from Radioiodine. J. Clin. Endocrinol. & Metab. 21: 699-72p, 1961.

TheLaxgeBlzaneNucleachnnsmﬁmanThymldhs&eandmePbastJmn cf DNA
m’n'xem

From time to time theze}avebeenopportmunes to procure sufgical means
samples of thyroid tissue from patients previcusly treated with 13 I Having firmly
established the method of Feulgen staining and quantitative microspectjcchotometry
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on animal thyroids in this laboratory, the rigid methodology for procuring and
processing the tissue was se{ into operation each time human thyroid mategial
(previously irradiated with 317) was to become available. When an opporfu ity arose
to obtain such tissue, plans were made so that it was the responsible invqstigator of
this project who procured the tissue at the operating table. It was placqd in fisative
in the operating room without delay. The quantitative measurement of DNA|in indiwvidual
nuclei was undertaken in human tissue as we had done in the past in animajs. Over a
pericd of almost 10 years, thyroid tissues from 12 1311 treated patients dere obtained
for this study. All had had Graves' disease. In addition, there were tidsues from

4 thyroids previously subjected to x-ray radiation and 2 controls (explorgtion for
parathyroid adenoma). Ten of the 12 1311 patients were subjected to surgdry because
of masses which had developed in the thyroid; one patient was operated bedause of
persistence of hyperthyroidism and was receiving an antithyroid drug at tie time the
tissue was obtained; in two instances tissue was obtained during prompt pdstmortem
examination. All tissues from the various thyroids had been processed and stored in
paraffin blocks so that simultanecus staining could be accomplished cn allf tissue at
the same time. The final steps in the preparation and staining of the tiskue from
these irradiated and control thyroids were concluded simultanecusly.

The quantitative measurement of DNA in individual nuclei using Feulgpn staining
and microspectrophotometry showed considerable variation in nuclear DNA oohtent and
nuclear volume in same, but not all, of the irradiated tissues. Mes=memehts
indicated that the amount of DNA in some cells was greater than two times fhe diploid
value. 'I‘hisisaswasgbwvedinthestimlatedﬂmidsofasﬁmls ich had
previcusly been given 1311, Here in man as in animals the results are intefpreted
as a build up in DNA, but thwarted cell division. See Figure 8B.

On review of alternate sections stained with the customary hematoxy. and
eosin method, it was found that scomewhat fewer of these irradiated tissues|displayed
bimemclearfomst}anmsobsexvedinoxmpzeﬁ?mixradiated}nmn oids
described some years before. However, four of 12 I- treated patients sfowed an
abundance of the bizarre nmuclear farms in extranodular tissue. One of themost
obvious was a patient who had not been cured of hyperthyroidism but who had been
given propylthicuracil before the procurement of tissue. This drug may haje behaved
in a fashion camparable to owr animal experiments where an abundance of bijarre
nuclear forms developed when a similar stimulus was applied. In this case [the
natural stimulus of the disease had cbviously persisted at the time the tigsue was
obtained. In the other cases following 1317 treatment, it is difficult to fkno
whether a given patient is in a euthyroid state because the driving force fhat causes
Graves' disease has abated or whether the force is still there, but the oid is so
damaged that hyperthyroidism is not possible.

Since the opportunity to biopsy irradiated thyroids arose as a result] of palpable

masses in such thyroids, there was an opportunity to carry out similar meagqmrements
on cells comprising adenamas which had also been removed. Considerable varfiation was
found in DNA content and muclear volume in these tumors. In the final anallysis, it is

mtentirelyclearwhichadermasaxosefollowingmllammichwem rreseht, but not
detected at the time 1311 was given. It would be particularly interesting fo know
which tumors arose from irradiated cells that bore a potential for bizarre fuclear




forms and which were tumors whose cells were themselves subjected to the
because the tumcr was already present. Probably the former is true in cases.
Animal experiments to be described later are designed to explore this i « The
obeervations on human tissue described above are reported in the following] publication.

Dabyns, B.M. and Robi.niﬁo&hl.eon R. III: Deoxyribonucleic Acid Content

with Nuclear Changes I-Irradiated Human Thyroids. J. Clin. Endocrinl & Metab. 23
875-885, 1968.

Our experimental results in animals suggest that there is a dose nra of1311
which for a time after the radiation is given, neither campletely destroys| the function

of the thyroid cell, nor interferes with the capacity of those cells to m tiply and
Bmultinalargerglmd. After a longer lapse of time and long after fhe dose of
11 is dissipated, a defect develops in the ability of the iiradiated o to divide,

although the capacity to build up DNA in preparation to division still exihts. Clinical
cbeervations in the human show that although the subtle damage may
thyroid cell, it continues to survive and make thyroid hormone maintaining] the
individual in a euthyroid state. Superficially, it may appear that an idepl euthyroid
state is achieved in such a clinical ect. In fact, the euthyroid sta maypeEist
foragoodnnnyyurs. However, we now are seeing at 12, 15 and more yearp after I

therapy in these human glands, which appeared to have adequate capacity tol manufacture
hormone, ultimately are failing and the individual begins to suffer from hipo oidiss

This has become from our long term study of these patients. It i thus a
tmbhummwuﬁmlmmsﬂatﬂnmcpected crmalf replacement
of thyroid cel® is not taking place and explains the ultimate failure of fhe thyraid.
These cbservations and hypotheses have led our investigation of the capacily of

irradiated thyroid cells to replicate under a variety of conditions.
The Use of Tritiated midine to dy the Mitotic Activity in Irradiated oids

The incorporation of tritiated thymidine into DNA in thyroid nuclei whs first
smdiedinthislabcmtaywderthisgmmalitﬂeovernineyearsagg. It has
proved to be a very useful tool to study in another way the effects of ~31f radiation

Because the cells which are preparing for mitosis incorparate the nidine avidly
just befcre they divide and because such cells bearing the label can be defo: trated by
radicautography, this method was adapted to the study of mitosis in tayroifl cells which
had been exposed to 1317, “he method for demonstrating DNA synthesis in the rat thyroid
was developed in the course of some experiments designed to test the effeck of TSH on
cell division in weanling and adult rats. One unit of TSH was injected infraperitoneally
into these two groups of rats; 16 hours later tritiated thymidine was giveh to each
animal by the same route. The animals were sacrificed 4 hours later and the thyroids
were quickly removed. They were placed in Carnoy's fixative for rapid fixhtion and
microscopic sections prepared. After the sections had been deparafinized,|they were
dipped in photographic emulsjon and stored in the dark for various periods|of time.

Subsequently the film was developed and the sections beneath it stained. e occurrence
of labeled nuclei was then determined by noting the blackening in the emulpion over each
of several thousand muclei. It was observed in the weanling animals whichjhad received

no TSH that 9% of 12% of thyroid nuclei were labeled. When TSH was given o these
animals, the incidence rose to 14%. In the nonstimulated old animals the fncidence of




labeled nuclei was cnly 0.4% but when such animals were injected with TSH, incidence
roge to 7%. Thus, with this technique it was possible to demonstrate that c$ll division
in the untreated young rats was occwrring at a rate almost as fast as in thefadult
a.n:!.mls whose thyroids had been stimulated with TSH. Histologically, in theladult
amimals, the thyroids were truly in a resting state. After considerable imentation
it was found that the most desirable interval of time between the injection ¢f the
tritiated thymidine and the sacrifice of the animals was 4 hours. There was|no uptake
of thymidine in cells which were resting. Even in this 4 hour interval were same
instances of labeled pairs of nuclei lying in juxtaposition with approximate}y equal
amounts of DNA in each. This gave a general idea of the rate at which cell division
took place once the preparation for mitoses had begun. A manuscript describing these
observations has been prepared but not published.

Dobyns, B.M., and Sanders, M.A.: A Camparison of the Effect of TSH cn the Mjtotic Activity

in the Thyroids of Young Growing Rats and Adult Rats Using Tritiated idige. (Manuscript
not publ.zshec)l; later manuscripts incarporated the technique and later findi went far

Rat thyroids made hyperplastic by an iodine deficient diet display many
containing the tr'iﬁited thymidine. When in a state of iodine deficiency doge
0, S, or 50 puc of I were given to groups of rats to ce various degreqs of
radiation damage. Twenty hours after giving 5 pc of 1311 (av. uptake 37%; 2]0 day
half-life; 2640 Rads), the number of labeled nuclei were noticeably reduced. | At this
early hour the thyroids of animals given 50 pc showed an almost complete absdnce of
labeling of nuclei, indicating that the process of mitosis had been inte e
days after these doses of 131I, the administration of thiouracil caused marks
in labeling in nonirradiated controls and somewhat less labeling in the 5 uc fanimals, but
the 50 yc animals had not recovered the ability for labeling. Recovery from fthi
impairment to mitosis as studied by the labeled thymidine has been of i

After more lengthy periods of recovery following radiation, some of the
from each group were given thiouracil for 9 to 11 days and tritiated idirje
before sacrifice. The results after various amounts of radiation and varioug

#as an excessive number of labeled nuclei when thiouracil was given. The
labeled nuclei was considerably greater than that which was produced in a norfi
animal. This seemed to be related to the previous observation that gross hypertrophy
of the gland could still be produced by thiouracil administration quite some [time after
radiation has been delivered. At this 2 month interval in this particular sqries the

5 pc animals showed a moderate increase in thyroid weight suggesting that celfl division
sad actually taken place. The 50 puc animals on the other hand showed essentiplly no
wypertrophy of the gland. Still later in the post radiation period the capa
axcessive labeling could not be produced in the 5 pc group of animals. At
these thyroids did not increase aEgreciably in weight. Even after a longer
seriod (8% months) following the 1T the extreme degrees of labeling could
xroduced with thicurecil in the 5 uc animals. These observations are illustrjpted in
Tigure 3.

It was of special interest to find that the large bizarre nuclear foarms
ippeared when thiouracil was given to these irradiated animals were the nuclejl
seemed to have a special predilection for the thymidine. Nuclei of cells w
sreparing to divide usually became enlarged, but here the abnormally large n
vhich presumably have not divided, were making more DNA.




In this series of irradiated animals, one lobe of each thyroid was put ih Carnoy's
ixative so that the quantltatlve histochemical (Feulgen staining) of
e total amount of DNA on individual nuclei could be made,as done in earli
<periments. Since cells normally divide when the DNA of the nucleus reached two times
1e diploid value, the finding of considerably more than this amount of DNA (hsing the

istochemical method) in the large bizarre nuclear forms made the thymidine dpservations
1 the same animals of great value.

A camplete survey was made of a large rumber of nuclei in a microscop c,_Jsh.de by
2asuring and classifying all nuclei by size and determining the distributiorf of the
bel. This showed that the abnormally large nuclear forms contained the label mare
‘ten and were thus preparing for mitosis more frequently than other cells.

The parallel histochemical data using the Feulgen stain and microspectrophotametry
1 these same tissues showed that thiouracil caused a marked increase in DNA many
xlei as well as increase in the muclear size. When this stimlus was
reviously irradiated glands, there was an increase in the variability of
iclear volume of these glands. The greater vanab:.hty was attributable to
"eserce of the unusually large nuclei which in the parallel observations

> have a pmed:n.sposn:.on to take up the thymidine. The following publicati:
mmarizes this work:

on
DNA and

>byns, B.M., Rudd, Ann E., and Sanders, Mary A.: Desoxyribonucleic Acid (D.
1 the Radiated and Stimulated Thyroid Gland, Endocrinology 81: 1-13, 1967.

cxomalies of Chramosomes in Circulating Leukocytes in Man Following Large Do

Jllabomt:.on in the study of a patient with fumtlonmg metastauc . of the
1y101dwl'anwehadtneatedw1thlargedosesof 3lIsoneyears.befomandp med to
seat again with very large doses.

Although the pa t} hadbeen}mowntousforalongtnmeandhadprev1lybeen
iven large doses of Ib}’us,shehadhadnonemthepreced:mgsmyears

t very frequent intervals dtminélthe first 24 hours ard less frequently :
+ days. The concentration of I in the blood, the leukccyte count and the dlffermt:ual
sunt were determined at the same time. Spreads of chramosames from miltiple]cultures

d from many different individuals cells in those cultures were prepared
ample of blood. An attached table (Figure 10) shows how the incidence of
xomalies climbed to as high as 44% between 6 and 12 hours after the dose of
iven. Based on a very extensive experience of observations on 2, 885 non

1e same technique on patients who had been exposed to other types of radiati
1ssed following the adm.m.stratlon of 1311 the rad:.oact:.v:.ty in the ci qtion fell




observed in this patient included not only seriocus deviation from the munber of
chromosomes but mumerocus breaks, deleticns and fragmentations (see attached Figure 11).
Occasionally dicentric forms were observed and several examples of 4n nucled representing
reduplication of chramosome sets, but without the exact number of 92. Thesq nuclei

were presumably similar to those seen in the thyroids which built up excess DNA

but failed to divide following 13ly. These observations were the first repdrted in this
ngIltry on chromoscmal ancmalies in circulating leukocytes of patients trea with

Macintyre, M. N., and Dobyns, B.M.: Anomalies in Chromosomes of the Ci i

Leukocytes in Man Following Large Doses of Radiocactive Iodine. J. Clin. inol. &
Metab. 22: 1171-1181, 1962.

One of the most impartant parts of these chromoscme observations was
an 18% incidence of anomalies was found in the circulating leukocytes of
blood before the large treatment dose of 131T was given. Presumably this
nigh rate of anomalies before this treatment was attributable to the previ
affect, which had occurred six years and more before. This incidence far s

Fartunately, the usual numercus studies performed under this contract
:arried cut on this patient when we had given previous treatment doses. It
>bserved then that very significant suppression of circulating lymphocytes
vith each of the previocus treatment doses 6 years and more before. Repeated

1 marked rise in mono- and diiodotyrosine and a decline in the butanol extry
;adiocactivity in the circulation. These are all features which we had come
iere evidences of radiation effect. The value of very long term detailed

Jlustrated in this case.

The fact that a considerable population of cells with abnormal numbers
ipparently persisted in this patient for at least 6 years. as shown in the bjood
efcre the present dose of 1311 was given,seems important. If cell lines stdmmi

hanges are demonstrable in tissues such as blood which does not specifically] concentrate
311, then significant alterations in other similar nonthyroidal cells such &
eproductive cells should be considered even with much smaller doses of 1311} 1t is
ossible that the less devastating doses of 1311 may be more important becaude smaller
cses may not be lethal although gi_rhaps more seriocus from the standpoint of Pamage to

he cells. The total dosage of 1311 given this patient was far greater than Jthat cammonly
sed in the therapy of Graves' disease.

In view of the above observations it seemed appropriate ti.a{ similar obgp
hould be made on patients who were receiving modest doses of 311 for hype
.. 5 to 15 millicuries rather than 167 as in the above described patient.
atcher, a Ph.D. student with Dr. Macintyre, continued this project to dete
here is a significant_increase in anomalies in patients we selected for treapment of
raves' disease with 131I. ouwr patients selected were studied in great detai} as




reviously described and the bloods for leukocyte cultures were furnished toj David
atcher. Of 20 patients studied by the serial sample technique, the incidenpe of
mreasedancualiesisequivocalinﬂbsepatientsuptommillicmdose ange .
ncrease is at the limit of significance in the doce range above 10 millicurfes. It
hould be pomted out that these studies were based on a large series of biopd samples
n each given patient rather than a "before" and "after'" sample as has been feported

y others. Mr. Satcher is currently preparing his observations for publication.
tudies of Peroxidase in Thyroid and Other Tissue

Several years ago a study of peroxidase activity in thyroid tissue was hndertake;
nderthisgmnthththeldeatrutltmghtpmvembeamﬂmerwaytoexp,
adiation effect. Becauseatthattmeﬂmvaspmsunptiveevidemeﬂatpetmddase
as present in thyroid tissue it was thought that this played some part in the
cmeralonoflodmetoiodineandtheiodﬁutimofcrga:ncoonpanﬁswi the
hyroid. dbsexvatlonspmkuslydesambedwﬂerthiscartmctmggested t one of the
arly manifestations of radiation effect was a failure of the trapping mechahism.

An experimental method described by Neufeld et al. to measure peroxidas had
tilized the rate of oxidation of a leuco dye in the presence of hydrogen pefoxide.
he reaction mixture of hydrogen peroxide, phosphate citrate buffer and reduped dye

olution was used as a substrate mixture into which various samples of homoghpnized
issues were introduced. The rate of the reaction within the mixture was defermined by
spectropmmnemcmeﬁndusmgasameofhghtmthavavelengthofsu mu. Readings
ere determined at 5 second intervals after the addition of the hclmgerate. Catalase
ctivity was inhibited by adding 2-4 dichlarophencl. A large variety of rat] tissues

ere studied in addition to the thyroid. There was a wide range of peroxidafe activity
ound in these tissues. As anticipated, the small intestine showed the largpstamount
f peroxidase activity. ‘I‘hethymzdmsahouteqmvalenttoﬁrelmxg Perckidase -

ctivity in the thyroids of many different animals was studied by this methofi. There

asaconmdemblevamat:.onmthepermadaseacﬁntymthymﬁsamng various
pecies. Snx:eltvassuspectedthatthevamaummg}rtbemlatedtothegreecf
ellularity in the thyroid, microscopic sections of the same tissues (from w
amgenateswemmde)mepm]ectedonlargeplecesofpaperammmgsofﬂe
ells, colloid and connective tissue. The areas were cut out and weighed to]determined
he percentage of cells, connective tissue and colloid making up the tissue.] It was
urprising to find that although the ratio of the volume of cells to the vollme of colloid
as very different among different spec;est}ervevasmuuem]anmshlpbe een the
ell content of the tissue and the peroxidase activity among these species.

The question arose whether the oxidative reaction being measured by thelleuco dye
as actually related to the production of thyroid hoarmone and whether the pefoxdida
ctivity might be under the influence of TSH. Accordingly, TSH was tested bpth in vivo
rd in vitro. Itwassm'prlsmgt:fuﬂthatthemwasmswufmantdlff
etween the oxidative activity of thyroids previocusly stimulated with TSH ang those which
ere unstimulated. 'I‘heeffectofTSHonthethyrom‘asconfnmedbythe sence of

yperplasia demonstrated in microscopic sections of the tissue used.

In other studies the relationship of the peroxidase activity as by the
euco dye method to the iodination of arganic substances in physiological ems was
tudied. The basis for the reaction was the iodination of tyrosine. A reacfion




xture was used containing tyrosine, carrier-free radicactive (13171) potassijm
ucose, glucose oxidase and phosphate buffer. It was observed that crude ha pogenates
sheep thyroid caused organic binding of 14% of the carrier—free 1311 added|to the

stem. In contrast, purified mitochondrial preparations of soluble enzyme (prepared
sonification of mitochondria) caused organic binding of 36.7% of the availl

The iodinating properties of a variety of homogenates and soluble mito

zyme preparations from different tissues were then studied. Only very small amounts
tyrosine were iodinated by mitochondrial preparations from the small intes
leen, but homogenates as well as soluble mitochondrial preparations from lufg
splayed a surprising capacity to iodinate tyrosine. The surprising observafion has

en repeated in 4 separate experiments. Chromatography revealed that some of the
dination produced by preparations from thyroid tissue appeared to be bourd fo protein,
me to tyrosine. It is assumed that the protein had been introduced as intrfmitochondriel
otein thaI gad been freed by sonification. When tyrosine was added to the puspension

% of the 1311 was bound to it while only 5.4% was_bound to available protei vhen no
Tosine was added to the preparation 48% of the 1311 was bound to protein.
tterns of the reaction mixture sampled after the incubation had taken place
at the radiocactivity was primarily in the position of albumin if tyrosine
ded but in the position of gamma gloculin if tyrosine had not been added.

uco dye method for assaying peroxidase. Spleen and small intestine iodinatpd very
all amounts of tyrosine but very effectively oxidized the leuco dye. Th
ng showed strong peroxidase activity by the leuco dye method and caused iod
Tosine as well. Thus, it appeared that. the peroxidase activity measured the leuco

: was hoped that the methods would be useful in radiation studies but has yet been
» used, primarily because the interrelationships of reactions being observed in the
dination of protein and tyrosine are not'understocod.

-ray Radiation Effect on the Thyroid

been
the neck

Another part of the study of the effect of irradiation on the thyroid h3s
search for thyroid masses in 200 patients previously given x-ray therapy td
r tuberculous cervical lymphadenitis. All of these individuals had been trfated in
e tuberculosis clinic of this hospital before 1950 by the same radiologist.)] Most of
ese individuals were children or young adults when treated. All records ag to the
wount and fields of radiation were available. A total of 67 patients have Heen traced
1 called back for examination of the thyroid by us. Twelve of these were fpund to
we discrete thyroid masses. Nine of these discrete thyroid masses have bedh removed
-th the following findings:

3 carcinomas

1 Hurthle cell tunor with capsular invasion
1 Hurthle cell tumor classified as benign

4 with follicular adencmas




0f 60 lnown to have died, the post-mortem examination was available on h6. Two
hyroid neoplasms were descrlbed, ore was a carcinoma, the other was an ad . It
as been noted that most of the patients on whom post-mortem examinations
erformed died within § years of the radiation therapy--a relatively limited interval
n which to develop tumors.

Two patients who have very discrete masses continue to refuse explonatl bn. One
'f these who was recently seen and reluctantly submitted to examination has Heveloped
,ersistent hoarseness and the mass has increased in size strongly suggesting] a malignant
.esion.

This occwrrence of 5 histologicaily identified carcinomas of the thyroi
ughly significant in this small selected group of patients exposed to kno
)f ra.dlatlon. A nanuscmpt has been prepared for publlcatlon, but it has been

n two patients being followed with suspiciocus lesions but as yet umlll:mg submit to
‘hyroidectomy.

e Radiated Thyroid Cell:

The long term follow-up of patients treated with 1317 ig showing that the
f patients if followed long encugh will ultimately suffer from hypothyroidik
wyxedema. Our flgures show an incidence of only 12% hypothyroidism at the s

sroblem of hypothyroidism, if it does not occur pramptly, arises so long afte
Teatment that the patient has forgotten that he received 1311 or he became

ibout taking pmphylact:.c supplemental hormcne earlier and found that he dig
it. Since the patient has forgotten, subsequent phys:Lc:ans are not alerted

)OSSlblllty of hypothyro:.dlsn, a diagnosis that is difficult to make if 2
ustory to suggest its origin. As a result of vigorous follow-up efforts b
sedical centers,Asurprising number of patients with unrecognized myxedema hgve turnmed up.
fhe symptams are attributed to, or confused with, senllltyand considergd 1q

In arder to learn more about the long, latent thyroid failure after 13%7, it is
1ecessary first to learn more about the survival and replacement of normal
[nitial studies were made in young, middle-aged ard old rats gui‘te.some ands ago in our

Jere undergoing mitosis. In the young growing rat, the occurrence of labeling
fairly frequent. The incidence declined with age until, in the rats that wgre 2% to

3 years of age, only rare nuclei were found to contain the labeled thynu.dm . This pilot
axperiment illustrated the normal replication rate at differvent points in tife life span.

Our first experimental steps to try to determine the life history and gate of
c2placement of the narmal thyroid cells were observations on the labeling of] thyroid
auclei with tritiated thymidine. The cbjectives were to determine how rapidly the
labeling takes place, the duration of the stage of DNA duplication in prepafation for
livision and the duration of the total period required for mitosis to becamd complete.




Itlusbeenom:'mutmepmoedueto sacrifice animals four hours after
of tritiated thymidine Pilot experiments had shown that the labeliing
satisfactory in four hours. At this interval of time occasional labeled

cells were found showing that division of the cell (with labeling in bo rucle:.) hac
taken place. It was known that the ava:x.]ab:.h.ty of labeled thymidine af
into the circulaticn was very short, owing to the rapid disappearance by
or uptake by nuclei in the process of DNA synthesis. Since only those

in the stage of DNA duplicaticn at the time the thynudme is available wi
these nuclei are identifiable.

Several series of young, identical growing rats were injected with i
thymidine and sacrificed at 15, 30, and 45 minutes and 1, 2, 3, 4, 6, 8, L
20 and 24 hours. Three rats were sacrificed at each time interval. The i
labeled nuclei was determined by countmg the number of labeled nuclel inja large =
of high power fields in xm.croscopm sections of uniform thickness.
cells among this large population of unlabeled cells were also recorded.

Within 30 minutes following the injection of tritiated thymidine,
cells were found to contain the tritium label. There was a sequential

incidence of these labeled nuclei. This reached a plateau at about 10 hofrs. In ade
to determine the duration of available tritiated thymidine in the circulagion, the .
animals were sacrificed by exsanguination,and the radicactivity in the p determi>

In order to find out how much of the radicactivity had been reduced tritiated
water in the plasma, samples were evaporated to dryness and counted. The
inthesolid fnactionof the plam\avas found to be anly about 15% of the

asaellasthethymdmemnmmngmthebloodmcrdertobetterassess
availability of the thym.n.dme after an hour or mcre. These attempts were P

because others had shown rapid disappearance of available material and the amunts ha:
in these experiments were nct paramount to our cbjectives.

suspected somewhat earlier. It was assumed that the lightly labeled pair ¢f ruclel hac
beenmtheverylate stage of DNA synthesis and therefcrehadanop

the cell tock place. The occurrence of labeled palrs increased with time ¢
a plateau at about 10 hours. Since a thin microscopic section represents :
tissue little wider than a cell, a pair of labeled miclei would be demonsty

cutoorzespoxﬁedthhtkeplamof the pair. It seems likely that the confi
increase of labeled cells, well beyond the time when tritiated thymidine
in the circulation, can be explained on the continued division of cells
cuts that might catch one or the other or both of a pair.




The increasing occurrence of labeled nuclei in these YOUng growing
progress beyond 10 hours and thereafter declined progressively at 14, 1
hours reachmg a level of only 1/3 of the maximal level. This declme
was observed in both series of animals. The explanation for this is nof clear. It
might be assumed that once the DNA of a nucleus is clearly labeled with Ticient
isotope and the two products of mitosis are readily identifiable, label cells wodle
not disappear from a gland. Destruction of that cell by radiation frem
not seem plausible in this interval of time.

These experiments have furnished considerable information on the
thymidnxe in studying cell division in the thyroid. They have yielded
approximation of the time required for mitosis to take place in the
clarified some uncertainties and hroadened our perspective of
for studying the capacity for mitosis in the thyroid. Together with
they have furnished same appreciation of the encrmous capacity for cell
in the young vs the old, but they have not yet furnished us with much i
the life of the thyroid cell. The experiments have introduced more q

have solved but much of what has been learned car. be applied to the
irradiated thyroid cell.

TO RADIOIODINE FALLOUT AS THEY RELATE TO STUDIES UNDER THIS CONT

OBSERVATIONS ON THE DEVELOPMENT OF THYROID NODULES IN POPULATIONS Fi‘tm
The Marshallese Study

In February and March of 19€9, the responsible investigator spemt f
the Marshall Islands participating in the annual review of thyroids of

detonated on Bikini in March, 1354. The nodularity J.n the thyroids wes 1rs" chserves
nine years after exposure among these people. By 1967 fourteen of sixty
most heavily exposed had developed nodules which were of sufficient concdrn <o require
exploration. One carcinama had been found. As a result of the survey efrly in 1989,
five more individuals in this population were found to have developed roid masses

which we felt should be explored. Four were from the more heavily exposdd group an

Rongelap atoll, i.e. several hurdred to fourteen hundred rads estimated dose +o the

thyroid; and one on Utirik atoll who had probably received 30 rads. Thes
back to the U.S. for special study at Brookhaven National Laboratary. B
interest in and laboratory studies of radiated thyroids, the patients we
institution in September, 1969 for surgical exploration. Three of the f ]

proved to
have lesions of the thyroid which were malignant (two Rongelap; one ). Dne of
these had extensive regional metastases. A fourth patient possessed sevegral modules,
one of which was very small and has prompted serious consideration that this mignt
also be malignant. Autaradiographs were immediately prepared. There werp also a var:t
of observations commonly made on tissues from cur animals (not 3H midihe). Scrwe ot
these thyroids had many minute solid cellular hyperplastic lesions, none pf wiich tock
up significant amounts of radioiodine. Many of the lesions were papillary in structux
and suggested papillary lesions of multicentric origin. All of these thyfoids (except
the women from Utirik) showed many examples of the large bizarre nu orms; repezte
observed under this contract in cnimals and humans that had received “°"I] More will
said later of study of these tissues urnder the subject of identification §f sbtle

changes in thyroid tissue produced by 1317,




e e esans Ao pAUALWLY JAUL CULRREOSALULY LypeIUDNY.  Lpe wWrlTer
did not partlclpate in the 1971 swrvey, but it was reported that this pmbaHiLy was a

compensatary nodule for it had shrunken on thyroid supplement.

Conard, R.A., Sutow, W.W., Colcock, B.P., Dobyns, B.M., Depaglia, D.E. Thypoid nodulss
as a late effect of exposure to fallout. In Radiation-Induced Cancer , P.3p5-336,
. I.A.E.A., Vierma, 1969,

Conard, Robert A., Dobyns, B.M., Sutow, W.W., Thyroid Neoplasia as a Late Effect of
. Acute Exposure. JAMA, 21u4: No. 2 316-324, October 12, 13870.

Conard, Robert A., Sutow, Wataru W., Bateman, John L., Dobyns, B.M.,.Rzé.ldon_ Ezra an:
Demoise, Charles F., Medical Survey of the People of Rongelap and Utirik Isjands Fiftzen

Years After Exposure to Fallout Radiation. Brookhaven National laboratory -JBNI. 50220
(T-562) Upton, New York.

The Utah-Nevada Study

The principal investigator has also participated in the annual examinajicn of the
children in the Utah-Nevada fallout area (exposed in 1954) where scme endem:
is present. A week has been spent in this area each of the past six years Jn <he
annual thyroid examinations of children that had been screened from a very e
population in the fallout area by a United States Public Health Service
Thyroid abnormalities which prampted concern were referred to a panel of thfee
. which the writer has been one. _Those patients with thyroids judged to contgi

study. In same instances, the masses have been removed. The application of
criteria of judgment of radiation effect in thyroids excised from this populat=on has
revealed only an occasional thyroid tissue which showed hints of a radiatia
Reports are in preparation by Dr. Marvin Rallison. Ancther has been publi
Dr. Edward Weiss et al: Thyroid Nodularity in Soutlmestern Utah School Chi
to Fall-Out Radiation, Am. Jour. Pub. Health, 61: 241-249, Februarv. 1971.
THE POSSIBILITY QF SPONTANBOUS GOITER ﬁSING IN THE OFFSFRING

OF A PREVIOUSLY RADIATED

During the course of participating in the anmual survey of the pecple
who were accidentally radiated with radioiodine from the first thermonuclear] bamb in

' the Pacific, the prmc:.pal investigator of this contract had an opportlmty exan:uz
many thyroids. It is now known that the exposed people have developed many
their thyro.ds, same of which have been malignant. In the course of these
both exposed and unexposed people were studied. On the island of Rongelap,
impression was gained that young adults (who were born after the fallout
displayed moderate degrees of hypertrophy of their thyroids. This was a
observation because this population had lived within a few feet of the sea
lives ard for prote:Ln deperded heavily on fish whlch provides an abundance o

appeared that children born of exposed population (after the exposure) had 1
than did the children of the unexposed. If this was a valid observation ther
was proposed that if the people sustained some thyroid damage (it has been
did) than any fetus whose gestatlon tock place in the env:monment of the o

rdsslxmedthatthemwasatwofoldincreasemspontaneousabortlons
the first several years after radiation exposure, adding further support o the

UGN, RS S



Prompted by these observations, an animal experiment us:.ng rats was g s:.gned to
test this hypothesis. Thirty four female Sprague-Dawley Rats were divideq into five
groups and given Renu.ngton Diet for three days to enhance the uptake of +JI. BSased
on prevzous rat experiments, varying degrees of thyroid damage were pvodu bd by
g:wmg these groups of rats 0, 10, 20, 50 and 100 uc of mdio:.odme by intpaperitoneal
mjecu.on. The thyroids of these animals were subjected to in vivo countihg at 24
hours in order to determine the dose of radiation delivered to the thyroid Five weeks
were allowed to pass at which time all radioiodine disappeared from the oids. All
rats were then bred, and separately caged. The number of offspring in each litver
and the individual body weights of the individuals in each litter were recprded. When
the offspring reached approximately 100 days of age, they were given a trafe dose of

1317 and 24 hours later were sacrificed. An effort was made to kill largel nu'bers of
anmalsatthesanetmsothatanyvariationsinthetypeofobservatiohmldbe
kept to a minimum. Thyroids were meticulously dissected out, wej on a Roller-
Smith torsion balance and then related to the body weight. The I uptakp in the
gland was measured. The original female rats were rebred following the wehning of
each litter.

Unfartunately, not all normal control rats conceived readily nor prodiiced large
litters. Bwevw,whenthemd;atedamnalswemarmxgedmozderofm i
uptakemthegla.xﬂ thenewas:.ngenemlad:mms}ungmteof an:ls:.zeof

litters with heavier doses of radlatio:f of time. Most of radiated
axmnalsumspecnveofthedo?s Ibecanepzegantatﬂxef:.rst'mich
was only five weeks following “°*I, The 3% animals produced 233 living yolng in the fir

mating, but in a total of S matings only a total of 447 were produced. Mopt of the
ammalsooncelvedatﬂxeseoondmatmgatnweeksexceptammalsmﬁe 0 most heavil
radmtedgroups. 0nlyMofthe12mthese2gmupsbecamepregnancaml3oftbese
litters were very small. Onnunemusoocammsnatsappearedtobe following
breeding, but did not produce viable offspring. The:.nc:.denceofst:.llb S oar early
post partum deaths could not be determined because of suspected canabalism

Allbreedinganinalswerepezmittedtosmviveforll&nnnthsarﬂ throfigh 5§ litters.
At the conclusion of the experiment, the breeding females were given a trafe dose of
lIalongwlthasmallamtmtoftmtlatedthymdmebefore they were sacfificed. The
thyroids were dissected and weighed.

When a destructive dose of 1311 is given, thyroid function usually grgdually
diminishes, depending on the size of the dose. It is assumed therefare tjat thyroid
f\mct:.onmthesemtherratswasbettermﬂmosewhorecelvedthesmallerdosesand
that function should be better during the earlier matings. This appears t§ be the case
herealﬁmghthemmwbersofanlmalsmtheexpemmentmsnall At the ¢onclusion
of the experiments, the thyroids of the animals which received the est: doses of 131
were entirely replaced by white scar tissue. There was practically no uptake in
these animals except in three that were found on gross dissection to have 3 small
surviving nodule of thyroid tissue in the area that had been the center of|the isthmus.
These 3 animals were the only ones of those in the higher dose range that gonceiwved
beyond the first ar segond litter. These animals had actually received 19)to 28 uc of
the original dose of I in their glands. Animals which retained 7 to 15Juc similarly
had only two conceptions beyond the second breeding. Animals which receivdd 2. to
2.8 uc ard 3.3 to 5.4 uc for the most part had rather full litters throughfthe second
mating, but thereafter conceived poorly.




The dose of radiation to the thyroid, the average thyroid we;ghts of mother

rats, and the average thyroid weight of the offspring by litters is shown the
attaéhed Figure 12.

Itiacond.ludedtkatanimalsbomofmtlnrsthhmﬂmxddamg do not

display thyroid hypertrophy at 100 days of life, which is comparable to lescence
in man.

At the present time, the autoradiographs and histologic interpretatic
thyroids of the mother rats have not been evaluated since they remain in ple

Simeﬂntimttatt}equestionmmisedcmcemingthesignif
adolescent goiter in the children of radiated Marshallese people, a furthe
survey made on L.J.kJ.epAtoll (remote to the area of fallout) has revealed alfew milcd
adolescent goiters in native Marshallese. This excludes a few other goitegs appear-ing
in individuals who have k or mre European crigin.

. O,

1311 on the id
dm'mgthelifeofthmcontuct,thepnmipalmvestignurand associates

have been concerned with the morphologic changes that are
bymdio:.odine. I}nde\astatmgeffectofala:gedoseofradzomdimwi thecuplete
loss of thyroid epithelium and by commective tissue is well
ttehypaplaszaofﬂeﬂ:yro:dof&aves'diaeasemsubjectedtom md:.mon
the hyperplastic picture of papillary projections into thyroid follicles changed to
a more simple follicular picture. With a large dose of radiation, the fo es are
distorted and the general architectural pattern of the thyroid is markedly hltered <o
the extent that there may be only scattered surviving epithelium cells in cphrmective
tissue. Ihesechangesareueﬁlcbmaxﬂeasuymeognized,wtt}nm e changes
produced by smaller doses of llamdn.ffn.mlttoiderrdfywithcertaurw.

mesvnrhe:sravedesanbedavmetyofdangesﬂatnﬁmatemdiaﬁm

effect. In trying to identify these subtle changes, we have stressed the
ofﬂnelargeblzanemnlearfoxmscontalmngexoessiveammtsofdm'

increased amounts of cormective tissue. Unfortunately, changes similar to fhese
occur in thyroids which have not been subjected to radiation. Lymphocytic iltration
macommnfmd:mgmthyrondsofpanerrtsmthenavesdlsease The pre :

comect:.vetxssueuaympzesentpastmfluernesmﬂmﬂzymﬁsmhas BCTY
repeated hyperplasm and mvolutlon and varying degrees of rod\ﬂarlty Obj 'ons may

mzdergo necrosis. From the considerable exgenence stu:ly:.ng pathologic ges in

tissues of patients treated with 1301 ang I and the extensive experience jwith animal
thyroids that are subjected to various degrees of radiation, we have come
conclusion that a careful consideration of the bizarre nuclear forms is the jpest clue to
the more subtle degrees of radiation effect caused by radioiodine.




To test the hypothesis that subtle radiation effects in thyroids can
identified, a collaborative study was set up with Dr. Robert Conard of Rroo

National labaratory. A large collection of thyroid tissues known to have subjected
to varying degxees of radiociodi-e radiation (including controls) was submifted as
unknowns to this writer in order -~ test the experience gained from the ologic
studies carried on under this com. .

The sources of microscopic slides consisted of the following:1)Tissues ffrom
patients in the Marshallese group who were submitted to thyroidectomy and wip were known
to have been exposed to some reasonable amounts of radiciodine fallout. 2) | A group of
thyroid tissues obtained from children with nodular goiter in the Nevada-U area where

fallwtmshmtoenstmlssu but the extent of radiation to the
children in this area is very doubtfully significant. 3) Thyroid tissues
goiters removed from children in Safford, Arizona which served as a control
Stwsy. 4) Thyroids from survivors of the Japanese atamic bomb casualty pati

radiation exposure is said to have been mostly extermal, and where fallout said to
contain relatively little radiciodine. 5) A group of thyroids from patients who had
thyroidectamy foar nodular goiter in several areas of the United States and who so far as
couldbedetemnnedhadmtmelvedmdutxmacposmemthemglonof neck. All

marks of identification were removed from the slides, except for sequential umbering.
anleshdeafrmthesamuxhndualweremcedmtheconectmn. Al
microscopic slides were assembled from a rather large mmber of hospitals, the techrdques
of preparation with hematoxylin and eosin and mounting were essent:.a.lly the pame so that
no clue as to their source was recognizable.

emphasis far identification of radiation effect was placed on the presence
of the bizarre nuclear farms although, in a few instances where more extensife destructim
was produced, other evidences of rediation effect were evidemt. As has bee
aut, studies carried on in this laboratory indicate that the bizarre nucle
increased amounts of chramatin represent cell division in which there has bef
up of DNA, but a failure to divide. A stimulus (such as that from mild impajrment to
thyroid function ar a goitrogen) which will promote mitosis is inclined to bfing cut the
bizarre nuclear foarms. It appears from past work that the stimulus may be e
subtle, so subtle that mild degrees of hypothyroidism which are not readily jetectable

‘nuclei enlarge, the narmal nucleus reaches a limit at which it divides into
}‘l'he nucleus of the radiated cell sometimes continues to enlarge and occasion3
lirregular in contour. The recognition of these unusually large nuclei is thq clue that
the thyroid has been subjected to radiation. Thus if the radiation exposure fhas been
enough to ‘produce mild hypothyroidism, the stimulus is present and the oc nce of
bizarre nuclear farms is rather noticeable although there may be no architec
of the histologic picture of the thyroid. A fine distinction is, therefore,
between universally enlarged ruclei and the occasional nicleus that is s ficantly
‘larger than all of the others.




On the basis of these considerations, the tissue sectlons ‘were graded|as to
positive or negative evidence of radiation effect by the following system:

0 - Nothing to suggest radiation effect

+ - Uncertain category - some features suggested there might be
radiation effect - cften more samples of tissue would have
to a definite decision

++ - Definite radiation effect

+++ - Marked radiation effect; at least some architectural distortiog in
addition to bizarre rnuclear forms

After the observations on each individual slide had been recorded and
Dr. Conard, the slides were grouped so that all slides from the same indi
be r'ev:.ewed and a s:mgle grade registered for each thyro:.d. In scme cases | there had
been considerable variation in the appearance of the tissue fram one area tp
In such cases the evidence for radiation effect was much more convincing some areas

than in others. Where only a single slide was available a reevaluation and] grading was
all that could be done.

against the radiation exposed (so far as was known), it was found that was a
supmsmgly close correlation between exposure and the recognition of tion effect
in the thyroid. See Fig. 13. Tissues from 7 of the 16 Marshallese who thought

to have had the greatest radmtlon to their thymld had \.n'wqu:wocal evide

that was deflm_tely positive was considered a Marshallese control (thym:.d ol sue fram
post mortem examination from the hospital on Majwo) that later proved to b

Changes in the thyroids fram the Japanese bamb casualties showed minor
suspiciousdangewhentheywexeanangedincrﬂerdepaﬁjngonﬂeirdis
epicenter. Those nearest seemed to have the most suggestive change This i
significant, was surprising because the axmunt of radiociodine in that fallo
considering the presence of otherr8dioactiVepaterials that were in the fall

were not thought to have been exposed to s:.gn:x_f:.cant fallout. One case in 1
considered positive far radiation effect. At the present time, it is impossible to
determine for certain just how much radiation exposure these individuals recf
Certainly the majority had not lived in the fallout area when the largest £

Most of these thyroids were adencmatous. Scme of those in which suspicion wg
were in glands that contained considerable lymphocytic thyro:.d:.us Z
hypexplasm. The only gland that was classified as positive had been considgre

in the pathology r'epor‘t but in this study there seemed to be an occasional
nucleus.

These observations served to illustrate that subtle degrees of radiatich changes
caused by radioiodine in the thyroid can be identified.




The Development of Neoplasms in Irradiated Animal and Human Thyroids

From the world wide experience now ava:.lable, it seems clear that the Hevelopment
of a neoplasm, espec:.ally a malignant one, is not a common sequella of 1317] irrediation
to the thyroid in adults. Not enough is known about their occurrence in
because few children have been so treated. The reports of She]_me, Lindsayjand their
associates suggest that the occurrence of nodules follow:mg l;[ is consid

frequent in children than adults. Otherssuch as Crile and his associates agd Starr and
his associates have no concern about the possibility of the development of geoplasms

in chlldnen Because of continued concern, the mmber of children treated dith 1311
remains small. Thus adequate experlence is not yet available. Although thd occurrence
of necplasms may be very low follom.ng 317 treatment for hyperthyroidism i{ may be that
thedosesusedaresolargeandcellularmpllcanonsompanedﬂxatthe '
neoplasm formation is almost precluded.

The experimental designs of the studies to be described have taken intd consideration
several factars about which we must learn more. 1l.) The age at which neoplhsms are most
likely to be produced. 2.) The dose of 1317 which is sufficiently disruptihg
cell to induce abnarmal replication but not so great that it destroys the Tetl
replication. Presumably the most effective doses which produce neoplasms b between
the equivalent of the tracer dose and the therapeutic dose used in man. 3.)] Determine
what other factors might promote neoplasm formation. 4.) Observe neoplasmg during the
early stage of their development and the related features in the remainder of the gland
which are giving rise to neoplasms.

the latter half of this contract to stuc31¥ the development of neoplasms of :
in rats treated with various doses of 1 It is well known from our own gxperiments
andﬂnseofothezsthatthyroxdneoplasnsmtheﬁfreqmremt}ana v to develop
after contimuous administration of a goitrogen cr

ard the cost of feeding have been seriocusly limiting factors. In addition, ghe
very large series of animals with many controls has been necessary because of natural
losses ard (in our earl:.er experience) a rather low 1nc1denoe of neoplasms.

time.

Inthepastthexe}asbeencon*tzwersyconca'nmgtheeasemthkﬂuch g
be produced in animals with 131I. One of the failings in most of the publisHed
experiments des:.gned to test necplasm formation in animals given 1311 has bedn the
prunar'yattentmnto}owm.\chofthe1sot0pewasg,1ventotheanmalsandm how much
andhcwlmgltvasmtamed. It has become apparent over a long periocd of & i
that the amount retained in the thyroid may be enarmously different than that

from the amount injected and the variations in the amounts retained among a sma.ybe
very great. As a result we have resorted to J.ndlv:Ldually identifying each and
measuring its uptake arnd retention by in vivo and in vitro counting. Weighirg the gland
of representative animals to determine a mean thyroid weight has contm.buted the

reliability of calculating rad dose.

The same basic experimental pattern has been followed on 5 series of ra over the
past 10 years. The same strain of Sprague-Dawley Rats fram Charles River Brepdi
Celony have been used exclusively through the past 5 years. A Remington dietfjhas been
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given for a few days to enhance the uptake of the carrier-free ddse of 13]‘1, ich is
injected intraperitoneally.The series of animals have ranged from 85 to 250 gni
Several dose levels have been used in each series. The animals are individ
In vivo counting of the uptake by each thyroid is measured at 24 hours and
are sacrificed at this time so that the in vivo measurements may be checked
counting in representative animals. The thyroids are weighed and an average
weight determined. The dose in rads may _thus be calculated for each animal. | Animals
were grouped according to the doses of 31T administered. Each group was subflivided into
those which received chronic thiouracil in the drinking water, those which wefe given

thiouracil only for 5 days before sacrifice and those given nothing but. 7] Controls
received no treatment at all.

Aside from those animals initially sacrificed to check precise uptake of] thyroid
weight, the animals were sacrificed at infrequent in grvals for the first
time to time up to 2% years. A small trace dose of 131I in addition tc the
thymidine was given to the animals four hours before sacrifice. Autoradiogr
pramptly prepared from microscopic sections of the thyroid serve to identify
areas in the gland where 1311 ytilization is different §mm the rest of the
Because the half life of 1311 is much sharter than the H in tritiated thymi
1317 disappears from the microscopic sections more rapidly and is essentiall
two months. New autoradiogr'aghs then prepared fram other mcroscgplc secti
to those used to demonstrate 3]-I, show only the location of the “H-thymidinejover the
miclei that were preparing to divide. Subsequent comparisons of the two autpradiogrephs
reveal two types of infarmation about the same cluster of cells which appear both
preparations.

In order to conserve animals in later experiments, some were anestheti and the
thyroid explored about the time neoplasms were first expected to appear. If ly
nodularity was found, the animals were sacrificed several days later, after
presacrific- preparation. This was done not only to conserve valuable animal§, but
also to give a better idea as to when neoplasms begin and an appreciation of fast
they grow.

The first full series of animals (85 males) were divided into groups and|eiven
2, 5, 10, or 50 uc_of 1311, delivering from 30,000 to 300,000 rads to the thyfoid. In
this series the 13T was not given until the animals had grown to 110 to 135
Jnfortunately, there was a very low incidence of neoplasms (6 identified) in
series, although the long term_survival was not particularly good. Animals whi
received the larger doses of 13l had almost complete destruction of the thyrgid. In
inimals that received lower doses, some thyroid tissue could be seen on gross|dissection.
There was only minimal architectural distortion of the follicles in this rang

A secord series of rats similar to the first was prepared. Since the yidld of
reoplasms had been poor in the juvenile rats approaching maturity in the firsy series,
seanlings were used. By the time 1317 vas given they weighed 55 to 85 grams. | They
*eceived 40,000 to 400,000 rads. At about 1 year an epidemic of pneumonitis t through
the animal farm destroying animals more by groups than by random. (It was no{ necessarily
the most heavily radiated animals that died.) Same tumors developed in survi
suggesting that radiation applied to younger animals would yield a higher pro.

ility of
eoplasms.
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Many colla.temal observations were made on these {irst two series am'ma.ls in

fgfrer observation that there is a tempcrary loss of mitotic activity ghartly after

I is given as we pnev:.ously reported. The abnormally large Mber . mitoses.wh;ch
appear when goitrogen was given during the recovery phase from ed again
Although neoplasms do not become manifested until much later, it may bd that they
started at this time.

28days,l&0t065gr~ams Alﬂmghapenodofmdm icient diet wap
uptakevas25t060%ofdose,andthegradeddosesof I were reduce

200,000 rads were delivered to the thyroid, using S dose levels. A totf
developed neoplasms. Although the number of animals that developed
J.tmstbekeptmmmdt}atmnym sacrificed be.fomoneyearand

these ultimately pnoved to have neoplasms.

Authlargeser:.esofamnalsvasprepaxed Since the yield of nepplasms had
mcreasedbygzvzngthelllatayamgeragemthepzmedmgserles, i
semesvasstattedbypmanangpmgrantfemlesﬂathadaligemonﬂxesam
day. Therewemlmoffsprmg Ninety of these were given 311 on the
by intraperitoneal injection. 'Ihlrtyserve.asvmmsb.msofcon S. Ha.lesam

maveragethwoﬁmlghtof7ng oux:etheneop]asmstendedto more often in
the lower dose range in the preceeding group of animals, lower doses used here.
Ftnthezmre,theseﬂiymldsmextmnelysnall,soﬂatcmsmermg range of the

beta ray relatively more of the beta radiation caused ionization outsidg
total of 29 discrete necplasms were found in this series. One of the

animals that received only radiation and 20 had been given rad:.anon 3
thiouracil. Only 49 animals were permitted to live longer than 12 mon =
had neoplasms when sacrificed. Most of the neoplasms that developed wifhout the stimil
of thiouracil occurred in the 7,000 to 17,500 rad dose range.

Many collateral cbservations have been made aon these series of
tritiated thymidine radicautographs have been made on all thyroids in
there is a great deal of information that is just now be.mg appmcnated retrospectively
Some of these observations are as follows: Upon reviewing the non- +ed control
an:unals killed at each p@m.od of sacrifice it was found that when the

labeled cellsperh:.ghpowerfleld)lsqlnte remarkable. The young uns§i
arun\alsshoooedOStolGlabeledan:lelwmleﬂnseglvmﬁummacu
35.0 per high power field. In contrast the same observations on re
2 years of age may reveal only one cr two labeled ruclei in several
whole thyroid lobe. When the latter are stimulated under the same co
number of nuclei labeled may be less than one per high power field.

For doses of 2300 to 2800 rads, slight temporery impairment to mitdtic activity
occurred but ultimately a maximal weight of thyroid could be produced chronic thia




ateral observations were made on these first two series or animais 1n
studying the development of neoplasms. Early sacrifices confirmed our
ition that there is a temporary loss of mitotic activity shortly after
as we previously reported. The abnormally large o of mitoses which
>itrogen was given during the recovery phase from 131 occurred again.
lasms do not become manifested until much later, it may be that they

is time.

«d series of animals, the age at which 131T was given was even lower being
> 65 grams. Although a period of iodine ﬁficient diet was agair used, the
to 60% of dose, and the graded doses of 1T were reduced so that 5000 to
~Jere delivered to the thyroid, using 5 dose levels. A total of 19 animals
plasms. Although the number of animals that developed tumors seems small,
pt in mind that many were sacrificed before one year and tumcrs were seldom
14 months. Only 25 animals were allowed to survive after 14 months; 12 of

ely proved to have neoplasms.

rge series of animals was prepared. Since the yield of neoplasms had
giving the 1317 at a younger age in the preceeding series, this present
arted by procuring pregnant females that had all _been bred on the same

ere 120 offspring. Ninety of these were given 1317 on the 16th day of life
oneal injection. Thirty served as varicus kinds of controls. Males and
separated after weaning. Iodine deficient diet could not be used here.

d dose delivered to these animals ranged from 300 to 17,000 rads, based on
yroid weight of 7 mg. Since the neoplasms tended to appear more often in
e range in the preceeding group of animals, lower doses were used here.
these thyroids were extremely small, so that considering the range of the
itively more of the beta radiation caused ionization outside the gland. A
liscrete neoplasms were found in this series. One of the non-radiated

:n thiouracil chronically developed a neoplasm. There were 8 neoplasms in
received only radiation and 20 had been given radiation and chronic

Only 49 anima” 3 were permitted to live longer than 12 months; 22 of these
3 when sacrificed. Most of the neopiasms that developed without the stimulug
L occurred in the 7,000 to 17,500 rad dose range.

Lateral observations have been made on these series of animals. Since
midine radicautographs have been made on all thyroids in these 4 series,
reat deal of information that is just now being appreciated retrospectively.
> observations are as follcws: Upon reviewing the non-radiated control

2d at each pericd of sacrifice it was found that when the young animals are
y course of thiocuracil, the degree of rise in mitotic index (number of

s per high power field) is quite remarkable. The young unstimulated control
ad 0.5 to 1.6 labeled nuclei while those given thiouracil showed 14.0 to

h power field. In contrast the same observations on resting animals 1% to
ge may reveal only one o two labeled nuclei in several cross sections of a

d lobe. When the latter are stimulated under the same conditions the maximal

clei labeled may be less than one per high power field.

es of 2300 to 2800 rads, slight temporary impairment to mitotic activity
ultimately a maximal weight of thyroid could be produced with chronic thioy




' doses o£3i000 to 5000 rads there was some impairment of mitotic activity shortly after
'ing the I ard some persistent impairment was demonstrable for the remainfier of the

e of the animal. In some animals some temporary impairment was seen below f000

Is and in some of this group of animals subsequently the maximal enlargement] of the

wnd on chronic thiouracil could not be achieved. It must be recognized, howpver, that
acity for hypertrophy declines with age so that failure to recover earlier [mpairment

’ not actually be attributable to radiation. Furthermore, the capacity to rpspond

h increased mitotic activity i radiated animals was more like a non-radiatpd animal

a later age. With 3000 to 20,000 rads the recovery of mitotic activity at pP6 days

l 5 months was not complete. With 14,000 to 30,000 the capacity for mitotiq]activity

i only about % that of non-radiated animals. It was at about this dose level that

y little significant increase in thyroid weight could be preduced by thiourfcil later
life until the animal was developing a necplasm. Among animais sacrificed it 4 weeks

e had been considerable temporary recovery in ability to respcnd to the stimulus

:n after doses as high as 14,000 to 30,000 in cne series and 12,000 to 15,00P in the othe:
was at this level of rad dose that neoplasms were most likely to ultimately] appear '
‘hout the added stimulus of thiouracil.

When necplasms were clearly formed, the incidence of mitotic labeling in fhe lesion
;umallymchgreaterthanthatinﬂeextramdu]artissue. Only in the mope
ently prepared autoradiograph for 131y content was the iodine uptake ribn of the
’plasm satisfactorily demonstrated. However, as far as observations go, it hppears
1t those neoplasms with the most abundant labeling with tritiated thymidine fin nuclei
&\ little 1311, Figure 14 illustrates an autcradiograph of a solid celluylar tumor witl
311 uptake.

All types of histologic patterns of thyroid necplasms have been found. ed
’illary and follicular lesions have been the most-common thus far. Such a lesion
shown in Figure 15. These are usually found where chronic thiouracil has Heen super-
Josed on radiation. It has been discovered that most of the lesions found ih animals
it are radiated but not given thiouracil are solid cellular lesions and most] appear
ite undifferentiated. One such neoplasm is seen in Figure 16. This animal feceived
pc of 1311 delivering 5126 rads. No thiouracil was given other than the brfief few days
stimulate acute mitotic activity. The animal was sacrificed at 18 months. | The
toradiograph shows an encrmous concentration of nuclei bearing the tritiated thymidine
>el at a point where the very undifferentiated necplasm is breaking through fthe capsule.
> cells that are labeled only had an opportunity to collect thymidine for ar] hour and
2y only collected it when preparing to divide. Therefore, the encrmous number of cells
seled speaks for%te at which these cells are multiplying at the point of Hreak through.

By making routine tritiated thymidine autoradiographs it Ei been hoped that we
st learn at what time neoplasms begin to develop following I and therefdgre find
am at or near their inception. It has been assumed that any cluster of cellE destined
be a neoplasm will display a different rate of incorporation of tritiated thymidine
its nuclei than will cells of the surrounding tissue as shown in Figure 16 jand 17.

After 12 to 15 months radiated thyroids show some areas of variability respect
follicle size and cell size. At this time the labeling of nuclei is not allays
iformly displayed. Figure 18. Although there may be no discretely encapsullited groups
cells which are clearly a neoplasm, the tendency for cell division seems mdre
avalent in same areas than in others. The non-uniform distribution of labelling with
itiated thymidine presumably relates to the nodularity that evolves when thdee glands
e stimilated to hypertrophy. It appears that ultimately such glands will bd found to
ntain lesions whose histologic appearance, degree of encapsulation and discretely




diffex:ent terdency for mitctic activity will be quite evident. After revlesws of
thyroid preparations it appears that labeling is more often seen in areas
follicles have given way to minute microfollicles ar to solid cellular

as bebieen
follicles. The preliminary impression is gained that these areas represejt <he crigir
of "nodules" or actual necplasms. Such an example is seen in Figure 19 A] A sinilar
histologic pattern was seen in at least 2 of the Marshallese on whom we ed here

and studied extensively. It is impossible to judge whether many of the Jesions shoul
be classifieC as malignant. A search has been made in the lung and liver
gross dissection, the massive thyroid neoplasm has invaded musculature of
is densely adherent to the trachea and larynx. No proven distant metasta
found ocutside of the neck thus far. Figure 20 illustrates a very extensi
invading structuresof the neck. ‘

There are so many interrelated observations in these experiments tha
relationships are not yet appreciated. Several conclusions thus far seem

1. There is an increased incidence of thyroid neuplasms following
administration of 13lI to rats.

3. A dose level of 1311 must be small enough that it does not seri
cripple the capacity for replication but it must be large enough
produce some intrinsic damage to the cell.

4. Neoplasms are produced morereadily in the 7000 to 18,000 rad dose
range. Although rat thyroids are not totally destroyed with dose
up to 80,000, an occasional tumor has occurred above this level.

S. With increasing doses of 131I there is a decreased labeling with
tritiated thymidine. There is an immediate cessation of mitotic
activity for a brief period of time. With recovery from non-
destructive doses there is a supranormal rate of mitotic activity.
As time passes there is then a decline below the narmal level.

6. The permanent decline in inducable mitotic activity occurs over
weeks or months depending on the magnitude of the original radiatibn
insult. :

7. The capacity to develop a hypertrophied gland under chronic thiourpeil
stimulation is_gradually impaired or lost depending on the size o
the dose of 1317,

Participation in Other Work on Radiation Effects:

Coincident with the long term studies carried on under this corrtract,jthg
principal investigator (along with some others) has devoted a great deal off time
several national problems concerned with radiation effects on the thyroid. | These zre
as follows:

1. Chairman of the Steering Cammittee for analysis amd study of almosf 33,003
patients in the Cooperative Thyrotoxicosis Therapy rollow-up Studyjof the
National Center for Radiological Health of the USPHS.
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2. Participant (with Dr. Robert A. Conard, Brookhaven National tery) in
the surveys of the Marshallese natives exposed to radioiodines f ~he
the first thermonuclear explosion.

3. Participant in the surveys of goiter in children in the Umh—flev HEllox
(1954) area and in special studies performed on selected indivi s in
that population.

The backgmmrl of exper ience provided by this contract has provided coportalty
to partlclpate, in a major way, in studies of these issues. The study a analysis
that goes into dealing with these problems has in turn given a unique pergpe ve fx
the experiments to be carried out in the laboratory. For example the with the

Marshallese has contributed in several ways. First, it gave a first hand rewiew of
theproblembyseelngandexam:ungthepeople Second, it brought these [
which proved to be extremely valuable material. Being prepared to carry ﬁn sarger
thhaspec:xalv:.ewtaardthepmblemanddomgltmconjmcuonwlth jdies to de

donemthelaboratorymmd:atelyaftenardmdethemstofﬁusmuqm ,
Thirdly, the question of the effect of radiation in the mother having a sypseq
effect on offspring was raised. Laboratary experiments in animals resulte

AsC!m.tmanoftheSteermgConm.ttee,theprumpal investigator haq dewoted mxch
tmetoam.lyzmgﬂxedataandsmnnarlzmgthetesultsofradmmdu:e :

formation from 19 centers participating in this large study. Although
studledmmrlaboratczyrepresentarelauvelysnallfractmofthe
in this large study of over 38,000 patients, half of which were treated
dataonmanyofoxmmdlvxdualpat:entshaspn:ventobethemstcmp -
opportunities furnished by this contract (See earlier part of this report.

It}asbeentlmghtthatsuchdatacwldbethebaslsfrmwhmhm
test models that would reflect the true nature and the extent of the radiafion effers a

the thyroid in these patients. In this way it might be possible, now welnve&
longtlmeresults,todlscoverscmeexplanauonsforthesuccesofnl

of Work.)
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