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CONCENTRATIONZTIME COURSE IN THE PLASMA OF MAN OF
RADIOMERCURY INTRODUCED AS A MERCURIAL DIURETIC!

By S\ THREEFOOT, C. 1. RAY, G. K. BURCH, J. A, CRONVICILE
J. P.MILNOR® W. OVERMAN, anp W, GORDON

(From the Dieparfment of Medicine, Twlane University School of Medicine, and Charity
Hospital of Lonisiuia, Ncee Orleans)

( Received for publication December 20, 1048)

INTRODUCTION MATERIALS AND MITPHODS

During the course of investigations into the Fifteen subjects were studied. Al except one were
mechanisia of ('()llgesti\’c heart failure and other patients on the medical wards at the Charity ;ll_nspilu.l.
: . . Certain clinical information concerning these subjects 1s
states of edema, it became evident that there was o e
i . presented in Table 1.

need for further understanding of the pharmaco- The subjects were permitted to rest comfortably in
dymumics of the mercurial diureties, including their  bed in an air-conditioned room for 30 to O0 minutes in
order to attain a stable state. Whenever the subject’s
clinical condition permitted, samples of urine were col-

BY

distribution, mechanism of action, and elimination,
Stadies hased upon chenics sthods analysis

. ! ,cn cal _md ods of ‘mdl’) S5 jected by means of a bladder cathieter.
are hmited because of the minute concentrations Two ce. of the radivactive merenrial divretic, containing
of the mercurial compounds present in the body 78 mg. of total mercury, was injected intravenously over
Auids and tissues and the number of samples which 4 period of about 20 seconds.  Collection of blood samples

. : : : . vas begun simultancously with the beginuing of the in-
can be analyzed in a given time. The use of the o ' I simultaneausly with fhe BeRmME S
jection.  Two types of collections were made: 1. In some

tracer technic made possible the extension of these subjects blood was withdrawn, by means of a syringe
studies to smaller quantities and to a greater num-  and a heparinized 20-gauge necdle, from an antecubital
her of determimations. vein contralateral to that into “which the injection had

‘This prcsentation is directed at a better defini- been made. For thc-l'n'st two ta three minutes, szu\u')lcs
. R . . were collected as rapidly as 2 cc. of blood could be with-
tion of the concentration-time course of mercury in-  grawn (approximately four to eight seconds). The
travenously injected as a diuretic into the circulat-  interval between collections was progressively increased
every five to 10 minutes until at the end of one hour,
collections were heing made every 15 to 3O minuates for
. . . the remainder of the study, which lasted 100 to 180 min-
(?lll])l())‘e(l in the tracer studies. It is well to utes in all. 2. In another group of subjects, blood was
realize that it is the mercury which is being traced  taken from a femoral artery. it was allowed to flow
and not the molecule of the diuretic. freely from the open necdie for the first two to three
minutes, the time between colleetion of 2 ce. samples
varying from twoe 1o five scconds, This interval was

.

THIS MATERIAL MAY BE PR

ing plasma of wan. A mercurial diuretic (Mercu-
hydrin*) labeled with radioactive mercury ° was

mmmuw (TTTLE 17, US.

t Aided by grants from the Life Insurance Medical
Rescarch Fund, a War Department Grant No. W-49- then progressively lengthened as described for the venous

007-M 1389, and the Mrs. E. ). Caire Fund for Research collections.
The blood samples were centrifuged and 0.3 cc. of the

serum was dropped upon a flter paper disc, allowed to
dry and comented to a metal disc for counting.

Urine was collected as rapidly as samples of sufficient
quantity for counting could he obtained.  There was usu-
ally an interval of five to 15 scconds hetween collections.
After the period of rapid collections of the blood samples,
a sample of urine was obtained as nearly coincident as
possible with the time of each blood sample.

Radioactive measurements were made with thin mica-
window Geiger-Miller counter tubes or a continuous

in Heart Disease.

2 Department of Medicine and Schoo! of Electrical
Fogineering, Tulane University of Louisiana.

5 National Institute of Health Post-doctorate Rescarch
Fellow, Department of Medicine, Tulane University
School of Medicine, and Charity Hospital of Louisiana
at New Orleans.

1 The sodium salt of methoxyoximercuripropylsuccinyl-
nrea with theophylline, prepared with radiomercury in
this laboratory by Messrs. Harold Krahnke, Darwin

Kaestner and Edwin Sprengler through the courtesy of
Dr. H. L. Daiell, Director of Research, of lakeside gas-Aow counter tube.  All measurements were recorded

Laboratories, Milwankee, as comts per minute per cubic centimeter of fluid and
» Radioactive mercury  (IHg wits obtained from were corrected to valies corresponding to an injected
the Tsotopes Division of the Oak Ridge National Labora-  dose of radiomercury with an activity of 10,000,000 counts

fories, per minute. REPOSITORY ?EE ‘ ’p
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TARLE T

Subjec Age Se Weigt Diagnosis Satus Severity Il)l':"l.\\'vlylili,rl
Subject Age Sex cight ingnosis Rt of edema dinretic
1 58 M. Cirrhosis with ascites Swationary 24 None
2 40 Iv, 153 Typertensive  cardiovascular  discase, | Stationary RE Four
congestive heart failure days
prior
3 o4 M. 160 Hypertensive  cardiovascular  disease, | Improving 3+ None
congestive heart failure
4 59 F. 139 Hypertensive and syphilitic cardiovas- Worse on admission; 44 Noue
cular discase: congestive heart failure | improved after day
mercurial diuretic befare
5 53 M. 140 Syphilitic  heart  disease, congestive | hmproving G-+ None
heart failure
6 58 M 154.5 | Arteriosclerotic  heart discase, con- | Rapidly improving 3+ None
gestive heart failure
7 34 M, 120 Congenital  heart disease; unilateral | No failure; 4+ None
lymphedema, right leg stationary right leg
8 21 F. 92 Cervical lvmphadenitis Liproving 0 None
9 33 M. 155 Pulmonary abscess Recovered 0 None
10 60 K. 121.5 | Diabetes Controlled 0 Nonge
1 3 M. 176 Chronic malarina Recovered 0 Nonce
12 21 F. 106.5 | Postpneumonia Recovered 0 None
13 61 M. 135.5 { Lymphoma Stationary 0 None
14 32 M. 120.5 | Pepuc uleer Recovered 0 None
15 34 M. 156.5 | Amcbic colitis Improving 0 Nane

DATA AND METIIODS OF ANALYSIS

Sineer the experimentally observed values of this study
could not be made to it precisely any regularly shaped
curve, it may be considered hetter to abandon the idea of
ever being able to define the regression of mercury {rom
the blood until the methods of biologic analysis have been
considerably improved.  To take this course would un-
doubtedly remove eriticisim from the analyses and would
eliminate the development of erroneous concepts. THow-
ever, there would be little purpose in the mere presenta-
tion of observed values of hlood concentration for radio-
mercnry,  Furthermore, if the nature and significance of
the mathematical analyses of the data observed are prop-
erly understood, and if it is also recognized that such
analyses extremely oversimplify the physicochemical proc-
esses related 1o the regression in concentration of mer-
cury, so that they represent only an attemipt to approach
the definition of these complex processes, no misconcep-
tions should result and discussions should follow.  The
latter point of view has been accepted for the presentation
of these data, and discussions will include mathematical
expressions which are only approvtmations of the hiologic
praocesses involved in the observed data.

The mathematical approach to the analysis of hload
regression curves of radiosodium in dogs and in guinea
pigs has been presented in detail by Gellhorn and asso-
ciates (1), and in man by workers in this laboratory (2).
Again, this method has been employed as an arbitrary
approach to the analysis of the concentration-time course
of radiomercnry in man. The observed  values were

plotted on semilogarithmic paper and a close-fitting curve
(frequently referred 1o bolow as the “mother™ curve) was
drawn in by inspection (Figure 1).

The general equa-

tion for such a curve is:
Cp= et + A el + ool 4 <o ey Wl

where Cp is the concentration of radiomercury in the
serum at time (7).

Ay, Ay, Ay el = the respective amounts of the tracer
which are regressing at the different rates.

by, by bi- e b =the rates of movement per minute of
the respective amounts of the tracer out of the serum.
The absolute values of these symhols indicate the portions
of A« respectively, which leave the serum per
unit of time.

There are numerons rates of movement or regression
contributing to the observed curves, hut because of the
nature of the data and the curves, it was considered im-
practical to carry the analysis into wore than three rates.
During the interval of these studies the concentriation of
radiomercury in the serum continued to decline but never
reached a constant valuc: therefore, the absolute value
of b, in the third member of the equation wis netther zevn
nor small enough to be considered as zevo. This dilfers
from the regression of sodium in that the concentration
of the latter approached a constant value more closcely,
In fact, in the sodimm studies such a value was considered
for convenience to exist and, therefore, the Coy value was
employed, or b, was considered to cqual zero (1),

The partion of the equation represented by the expres
sion e was the tangent drawn throngh those points
which most closely approached a horizental and straisin
fine in the “mother” curve (Figure 1), Selected values
dong this Jine extending to the ordinate (1 )
subtracted from simultancously occurving values along the
“mother” These ditferences were plotted, and o

curve.
curve was drawn through the points.  The expressim of
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the tangent 1o this new curve through the points which 1= constant which s numerically cqual to the coneen-
most closely approached a straight line was represented tration of radioactive mercury in the plasoie at ane
hy .l */. Selected values along this line extending to nrinute

the ordinate were subtracted from simultancously oceur- = time in minutes alter imjection

ring values of the remainder of the curve not tangent to b= rativ of pereentage change in concentration to per-
the line represented by <Lt the differences were again centage change in time (the slope of the curve on
plotted and a lne was drawn through these points. The toparithmie coordinatesy.

expression of this [nal “daughter™ line, or regression
vate, is represented by cLe Bt Tt is evident from Figure

Figure 2 permits the comparison of the curves

1 that it would have been impractical to carry the analy- of ohserved values for a subject plotted on recti-
sis Turther. Thercfore, there appear to be at least three  linear, semilogarithimic and logarithmic coordi-

major rates of regression, each probably representing  tes
many physicochemical processes mathematically integrated
to dehne the declination in concentration of mercury in

the plasma of man, The sum of the values along these

studied were chosen for critical analysis.

The regression curves of five of the 15 subjects

In these

“dighter™ curves at any time (£) represents the total five the specific radioactivity of the plasma was

concentration of the isotope in the plasma at that time,  sufficiently great to insure a high degree of accu-
expressed graphically by Figure 1 or by equation (/). racy in counting throughout the period of study.

A discosstion of the significance of these various regres-
ston rates will follow.

When the observed values from about two to about 200
minutes are plotted on logarithmic coordinates, they tend

In Figure 3 these values are plotted on rectilineay
(lower curves) and logarithnie coordinate (upper
curves) systems.  The regression curves or rates

1o lie along a straight line, the equation for which is of regression of mercury from the plasma were
CooL Ik where similar for all 15 patients.  Figure 4 illustrates a

Cp voneentration ol radivactive mercury in plasma at

composite curve of all patients plotted on the semi-

any time (1) logarithmic coordinate system.  The degree of the

CPM/CC
v
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Note that a considerable number of the observed points tend to lie along a straight line drawn

on the logarithmic coordinate system,

individual variations precluded a differentiation
of the curves or rates of regression of one clinical
state from that of another, since small differences
would have no statistical significance in such a
limited series.

Figure 5 illustrates the regression curve ob-
tained in similar experiments with the use of Na*
as a tracer.® The regression curves of one of the
studies with radioactive mercury and one with
radiosodium  plotted on  logarithmic coordinate
system permit comparison of the concentration-
time course of these elements in the plasma of
man. The differences are self-evident, especially
those existing after approximately 200 winutes.

8 These studies were conducted primarily for other pur-
poses at Grady Hospital, Emory University Medical
School, Atlanta, in collaboration with Drs, A, J. Merrill
and fleywood Turner.  The swmples were collected in
Atlanta and brought to New Orleans for counting.

DISCUSSION

The interpretation of the regression curves ob-
tained for any tracer is complicated by the conbi-
nation effects of simultaneously occurring phe-
nomena. This is particularly true in the initial
portion of the curves, since all processes con-
cerned, rapid and slow, are manifested at this time,
when the greatest changes in concentration are also
taking place. Progressively the tracer recording
those factors responsible for rates of rapid change
approaches equilibrium level and manifests itself
less and less in the completed regression curve.

As has been demonstrated previously for sodium
(2), and in these studies for mercury. there are
essentially three separate major regression rates
which contribute to the decline in concentration
Obviously, the initinl

of the tracer in the serum.
rate of regression of the concentration of radio-
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mic graphic method of analysis deseribed in the text.
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sodinm being maintained.  The ordinate values for both mercury and sodium were rendered
comparable,
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mercury in the plasma is influenced hy the phenom-
enon of mechanical mixing.  Figure 6 illustrates the
ascension of concentration as well as the early por-
tion ol regression. A column of blood passing
through the antecubital vein during the period of
injection will contain a high concentration of radio-
mercury.  The local variations in concentration
within the columm will vary with the rate {force or
lincar rate and volume) of delivery of the radio-
active substance.  Since the collection ol the hlood
samples hegins simultaneously with the injection of
the laheled substance, the first few samples collected
will contain no radiomercury, the time of appearance
of the tracer heing dependent upon the circufation
tine and the rate and foree of injection. When the
tracer-containing hlood coluum passes through the
right side of the heart, its specific radioactivity is
redoced by dilution with blood  returning  from
other parts of the body; in the pulinonary vessels
vigorous mixing takes place; and upon entering
the left chambers of the heart, the radioactive col-
umn undergoes further mixing.  Several ventricu-
lar contractions, at least as many as occurred dur-
ing the time required for injection of the radio-
wercury into the antecubital vein, are required to
force the greater portion of the radioactive column
ol blood into the systemice circulation.  ¥From the
mamient the left ventriele receives radioactive blood,
all bload Teaving it will be radioactive because:

1. The columm of blood into which the injec-
tion wis made will contaminate the walls of all
vessels through which it flows, which in turn con-
taminate in-flowing nonradioactive blood.

2. The blood which contains radioactive mer-
cury cjected from the left ventricle will flow
thraugh vascular circuits of variable length, retarn-
ing drom the shortest (coronary circulation) he-
fore the retarn from the longest (Jower extremity)
has begun, This effects vapid, complete mechan-
wal mixing and early, continuous return of radio-
active hlond to the left ventricle.

3. The haear veloeity of blood flow through a
vessel decreases from the center of the lumen ol
the vessel to the wall, the flow being almost zero
at the surface of the wall,  This phenomenon con-
ttruousty increases the length of the colunmm of
vichoactive blood, so that a continued flow of
radioactive hlood into the heart is maintained and
mechimical mixing is encouraged. The process of

002121

axial How and surface skimming in vessels other
than the segment receiving the injection will tend
to delay mechanical mising.

Under ideal experinental conditions the tracer
substance should be completely mixed and dis-
trihuted homaogenously in the blood at the instant
of mjection. A concentration-tinie curve would
then he concerned with biologic phenomena other
Obviously, this ideal experimental
An alternative ap-

than mixmng.
condition cannot he achieved,
proach might consist in delaying ohbservations un-
til mixing was completed ; this, however, would he
unsatislactory hecause the movement of mercury
into some compartments might he so rapid that
the mercury in the blood might reach equilibritnm
with that in these compartments during the period
allowed for mixing and hefore the observations
are hegun.,  The physiologic data avallable today
strongly suggest that mixing has very little or no
influence upon the regression curve after 30 min-
utes, probably negligible influence after 15 minutes
inn all subjects and even after one or two minutes in
some subjects,

It becomes evident, tliecrefore, that with rapid
loss of a tracer substance from the blood and with
relatively slow mechanical mixing, it is impossible
to obtain an absolule picture of the true rate of
loss of a tracer from the hlood streant of man,
Tt is also apparent that a true picture cannot he
obtained from the later periods alone of the regres-
sion curve, hecause the tracer method is dependent
upon the principle that all taroover phenomena,
regardless of number and rate, are occurring at
all times of study, special physiologic situations
excluded.

It is safe to state that the initial portion of the
concentration-time curve is the resultant of all the
regression forees acting on mercury in the plasma
stream of man and that the initial regression rate
expressed as & (Iigures 1 and 4) is a manifes-
tation largely of mixing processes aceurring sitnul-
taneously with other rapid biologic phenomena of
a physicochemical nature, such as fixation to pro-
tein molecules and cell surfaces.  The other rates
of regression are probably so little influenced by
wixing that this phenomenon may be eliminated
from serious consideration except insofar as mix-
ing or continued circulation of the hlood and other
body fluids is neeessary to insure satisfactory con-
tinnation of the other physicochemical processes

i
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more directly responsible for the concentration-
time course of mercury in the plasma.

The second regression rate is dependent upon
those factors which are more apparent alter the
mixing process has been completed, for example,
slower rates of diffusion into tissue spaces, cells,
hone, and other sites of the body.  Some of these
have been discussed for sodium (3) and will not
be repeated in detail.

It is well to realize that when Na®* or Na* is
employed as a tracer and is added to an organism
such as man, it labels an already-existing, dynamic
state of turnover of sodium among the various
compartiments within the body, i.e., in the normal
subject, except under special circamstances, the
sodimm space is already saturated with relatively
Therefore,
the various components of the regression curves
of tracer sodium represent its movement into
sodium compartinents already in a steady state

large quantities of nentracer sodium.

concerned with active processes in dynamic equi-
hibritm. Mercury, on the other hand, does not
exist within the body under comparable conditions.
That which is present normally in the body is ap-
parently a contaminant and exists in relatively

small quantities (4). [t is possible, however, that

‘

the “saturated” state for mercury in the body ix
zero concentration and that the hody mechanisims
are set to maintain this level.  Nevertheless, there
exists essentially a “turnover pattern”
cury, which, unlike that for sodium, is not active.
These innumerable turnover rates or regression
processes for mercury manifest themselves onls

for e

when the element is present, that which is normally
present as a contaminant being disregarded. Thus,
the radioactive mercury injected as an extremely
small part of a total of 78 mg. of mercury in the
mercurial diuretic labels practically all of the
mercury which exists in the hody (4) and which
activates the “turnover patterns”™ for merenry.
The regression curves of the radioactive mercury
thetr must represent partially the migration of mer-
cury into “depots™ or “relatively fixed™ compunrt
wments to fill “potential mercurial spaces.”  The
result is an essentially unidirectional loss of mer-
cury from the circulating serum rather than an
exchange process already in equilibrium. The com-
partments into which mercury moves most proh
ably include those systems concerned with the pro-
tection of the hody from toxic effects of this
(oreign substance and with its subsequent exere:
tion, for example, the liver, kidneys and cells i

[ A o SUBJECT NO. 5 S
[N D [RESUUI R Y . '
o |
bt Q
E [ DU S m\g ’4\\\,//\ = S —
(] \ - -
S Q.
+——t O
—— ] —— e Koy 1000 e —.
o ] . 1 ) 120 780 B
MINUTES raenon ELAPSED TIME IN SECONDS
Fi1¢. 6

A. The ascension and regression of the concentration of radiomercury in the plasma for the first 20 minutes

after injection,

B. The first four minutes of curve A more clearly illustrate the early variations in concentration. Note
that radioactivity first appeared in the blood of the femoral artery between 35 and 40 seconds after the be-

ginning of the injection into an antecubital vein.

Twenty-two seconds were required for the injection.

The intersection (extrapolated) on the ordinate at 2,800 c.p.m. indicates the concentration if mixing were

comiplete at .,

Except for errors due to the loss of mercury from the plasma during the first three min-

utes, the ratio of the injected dose to this extrapolated concentration “indicates” the mercurial space which at
fo is also the plasma volume, since mercury does not adhere to erythrocytes in significant amounts,

s ——— o —
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SUBJECT NO.S
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The interrupted line indicates theoretic comcentration of radiomercury in the plasma caleu-
lated irom that excreted in the urine and compared with the observed concentration ot radio-

miercury in the plasma.

protein compartnients not in the blood stream. Tt
is likely that the recorded regression phenomena
for mercury would he entirely different if the mer-
cury depots were already saturated and the turn-
over processes were progressing at full pace in-
stead of existing merely as “potential turnover
patterns.”

After the relatively rapid phenomena have mani-
fested themselves in the first two regression rates,
the relatively slow excretory rate is more clearly
observed as a significant part of the third regression
rate (Figures 1 and 7). That this third rate of
decline in concentration of the radioactive mercury
in the serum is a reflection primarily of urinary
excretion is supported by the fact that the vrinary
excretion appears to account for a considerable
part of the loss of radiomercury from the serum of
some subjects beyond approximately 60 minutes
after the time of injection. In other subjects the
urinary excretion may not account for as much of
the decline but is responsible for a substantial frac-
tion of the regression from the blood. Details of
urinary excretion will be presented elsewhere.
Other routes of excretion undoubtedly influence
this portion ol the curve also.

Since the segment of the curve of the concentra-
tion-time course of radiomercury in the interval
from about two to 200 minutes appears to be al-
most linear on logarithmic coordinates (Figures
Zand 3), the ratio of the percentage change in con-
centration to percentage change in time is nearly
constant in this interval. The significance of this
has not been fully developed.

0024129

It should be pointed out that the differences in
the regression curves of sodinm and mercury
(Figure 5) are probubly due to the differences in
the respective phenomena which they represent.
The rate of regression of sodimmn is more rapid early
This 15 ex-
pected, since sodium ditftuses maore readily bt is

and cousiderably less rapid later.

excreted more slowly than mereary.

The relationships of concentrations of radioac-
tive mercury in blood serum to those in other bio-
logic fluids, including urine, are under study at
the present time and will be discussed elsewhere.
With hetter understanding of the nature of the re-
gression of mercury from the plasma, other hio-
logic studies employing mereury in aan can he
better planned and evaluated.  Without detailed
knowledge of the concentration-time course of mer-
cury in the blood plasma, accurate experiments
concerned with blood values would be impossible.

SUMMARY

The concentration-time course of a mercurial di-
uretic labeled with radioactive mercury and in-
jected intravenously has been studied in 15 human
subjects.  Analysis of the regression curves dem-
onstrates that there are at least three major ex-
ponential rates respousible for the decline in con-
centration of mercury in the plasma. The first
rate is apparently dependent to a large extent
upon mechanical mixing ; the second is possibly
due to relatively rapid adsorptive, chemical and
diffusion phenomena with migration into dynamic
and more stable compartiments; the third rate is
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most probably a reflection mainly of excretory
pracesses, principatly urinary. Tt was not possible
from these data to draw any conclusions as to dif-
ferences because of the various clinical states in
the subjects studied.  Comparison of these curves
with those similarly obtained for sodium indicate
that there may be slight differences in the early
portions of the regression curves and that great
differences exist in those portions of the curves
dependent upon the excretion of the isotope. The
concentration of soditm in the plasma practically
reaches an equilibrium, whereas the concentration
of mercury may reach a steady state but does not
approach an equilibrium due, in part, to rapid elimi-
nation.

These observations make possible a better un-
derstanding of the pharmacodynamics of mercurial
dinretics and certain physiologic phenomena and

THREEFOOT, RAY, BURCH, CRONVICU, MILNOR, OVERMAN, AND GORDON

thus facilitate better planning of experimental stuwd-
ies concerned with mercurial diuretics necessarily
based wpon plasma concentration of mercury.
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