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The metabolic clearance rate (MCR) of a
steroid hormone, which is probably most generally
defined as the volume of blood cleared completely
and irreversibly of steroid in unit time, determines
the relationship between plasma production rate
and plasma concentration (1). A knowledge of
its value may also be important in predicting some
of the characteristics of any control system (1-3).

It can be shown that after a single injection or
continuous infusion of radioactive steroid, the
metabolic clearance rate can be calculated as the
reciprocal of the integrated plasma concentration
of radioactivity measured specifically as the hor-
mone (1). If this integration is performed cor-
rectly, the two methods should give the same value
for MCR, and a comparison of the values obtained
therefore serves as a check on this and other tech-
nical requirements for the validity of the calcula-
tion (1, 4).

In the studies described here, the MCR of
progesterone has been measured by application
of the single injection and continuous infusion
methods in ovariectomized females and in males.
Information on volumes of distribution has also
been obtained after single injection.

Methods

The subjects were normal males and postoperative
ovariectomized females. The males were volunteers 25
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to 35 years of age normally active up to the time of the
test. Females without ovaries were patients studied at
least 6 days after the operation of complete hysterectomy
and bilateral salpingo-oophorectomy. They were stud-
ied on the gynecology wards of the Boston City Hos-
pital. All were fasting and recumbent at the time of the
test.

Progesterone-4-**C, progesterone-7a-*H,2 and proges-
terone,® which had been obtained commercially, were frac-
tionated by partition column chromatography before use.
Progesterone-7a-*H was stored at a concentration of 11
uc (1.7 ug) per ml in ethanol and checked at regular
intervals for radiochemical purity.

Ethyl acetate was prepared by shaking it with an ex-
cess of sodium bicarbonate, filtering and washing with an
equal volume of water, and filtering again through so-
dium sulfate anhydrous (Na.SO.) to eliminate all wa-
ter. Tests of ethyl acetate with acidified 1% potassium
iodine demonstrated the absence of peroxides. Methanol,
2,2 4-trimethylpentane, and toluene were reagent grade
and were all redistilled before use. Celite was prepared
by washing it with acid, then with distilled water to
neutrality; finally, it was washed with methanol and
dried in an oven at 60° C.

Single injection. In the single injection experiments,
22 uc (0.2 ml) of progesterone-7a-*H in ethanol was
added to 11.0 ml of normal saline (2.0% ethanol solu-
tion). Ten ml of this solution containing 2.0 uc (0.3 ug)
progesterone-7a-*H was injected into the subject’s ante-
cubital vein at about 8 am. Blood was withdrawn from
the antecubital vein of the opposite arm. In three sub-
jects (3, 4, and 15) it was taken at 2.5, 5.0, 7.5, 10, 15,
and 20 minutes after the initial injection. In six sub-
jects (9, 10, 11, 13, 16, and 17) samples were drawn at
2.5, 5.0, 7.5, 10, 15, 20, and 30 minutes after the injec-
tion. In two of these subjects (9 and 17) additional
samples were drawn at 50 minutes (100 ml of blood) and
70 minutes (200 ml of blood).

In repeated control experiments we found that 9 = 1.8
(SD) % (15 experiments) of the progesterone-*H was
adsorbed by the syringe at this concentration of ethanol
in saline, and the calculated values were corrected by this
factor. i

1 Picker X-ray Co., White Plains, N. Y.
2 New England Nuclear. Corp., Boston, Mass.
3 Steraloids, New York, N. Y.
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Continuous infusion. In ten male subjects and eleven
ovariectomized females, the metabolic clearance rate was
determined by the method of continuous infusion.

In fasting subjects an initial priming injection was
given at 8 am. In five males and five females this in-
jection was prepared as follows: into 11.0 ml of 20%
ethanol in normal saline (vol:vol) was added 0.075 ml
of a solution of progesterone-7-°H in ethanol (0.82 uc).
Ten ml of this solution (0.75 uc, 0.11 ug) was injected
into the antecubital vein. Ten minutes later a continu-
ous infusion of progesterone-7-*H in 20% ethanol in nor-
mal saline was begun in the same arm. The injection
solution was 42.0 ml of 20% ethanol in normal saline
into which had been dissolved 0.225 ml of a solution of
progesterone-7-°H in ethanol (2.48 uc, 0.37 ug). In five
males and six females 0.05 ml of a solution of proges-
terone-7-*H (0.55 uc, 0.0082 ug) was added to 11.0 ml
2.0% ethanol in saline as initial injection. The continu-
ous infusion was 42.0 ml of 0.4% ethanol in saline in
which had been dissolved progesterone-7a-*H (1.65 gc,
0.24 pg). This was infused by a constant infusion pump 4
from a 50-ml Luer-Lok syringe. It was attached to a no.
20 bore needle in the patient’s vein by an R-335 poly-
ethylene adapter that contained about 1.5 ml. The ma-
chine was run at a rate of 0.382 ml per minute infusing
1.5 uc over a period of 100 minutes at a rate equivalent
to about 21.6 uc per day. Samples were drawn at 10, 85,
95, and 105 minutes after the start of the experiment.

In nine control experiments in which an infusion solu-
tion of 0.4% ethanol in saline was used, we found that
40=2 (SD) % of the initial concentration of proges-
terone-*H emerged from the needle, and we corrected the
values by this factor, as we also found that the effluent
concentration was constant during the whole course of
the infusion. When a solution of 20% ethanol in saline
was used, 50 =4 (SD) % of the progesterone emerged.
This was measured during ten MCR by continuous in-
fusion (MCR") determinations. In practice for these
latter experiments, the amount infused was estimated
directly (at the start and end of the infusion) by count-
ing 0.6 ml of the ethanolic solution of saline with 10 ml
of the usual scintillation fluid plus 6 ml ethanol. Ap-
propriate standards counted in the same scintillation mix-
ture of solutions were counted simultaneously. The
mean concentration at the start and end of the infu-
sion that was not systematically different was taken to
calculate the rate of infusion of progesterone-*H.

In five male subjects who were studied by the con-
tinuous infusion method, both plasma and blood samples
were estimated. The blood was hemolyzed and ex-
tracted in the same manner as previously described (4).

In two volunteers (47 and 51), one an ovariectomized
female and one a male, an infusion was given over a pe-
riod of 500 minutes. After a priming injection of 1.75 uc
of progesterone-7-*H dissolved in 10 ml of 0.4% ethanol
in normal saline, continuous infusion was administered.
The continuous infusion of the ovariectomized female
(no. 47) was 42.0 ml of 0.4% ethanol in normal saline

4 Harvard Instrument Co., Dover, Mass.
5 Baxter Laboratories, Morton Grove, Il
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into which had been dissolved 0.75 ml of progesterone-
7-*H of the standard solution (8.25 uc). It was infused
at a rate of 14.6 muc per minute (20.9 uc per day). In
the male (no. 51) the infusion contained 5.5 uc and was
run at about 11.0 muc per minute (15.84 uc per day).

In all experiments 50-ml samples of blood were drawn
from the opposite antecubital vein in heparinized sy-
ringes. The blood was immediately centrifuged, and the
plasma was added to tubes containing a dry sample of
progesterone-4-*C of low specific activity [usually 70
cpm (140 dpm, 0.07 ug) and 200 ug per 20 ml of plasma].
The plasma was then extracted with 4 X 1.3 vol of ethyl
acetate. The combined solvent extracts were washed
once with water and taken to dryness in wacwo. The
residue was transferred to a partition column in 1 ml+
2 %X 0.5 ml mobile phase. The column 60 cm long con-
tained 25 g Celite and 12.5 ml of the stationary phase
methanol : water, 4:1 (vol:vol) and was developed with
2,24-trimethylpentane as the mobile phase; 5-ml frac-
tions were collected. The holdback volume of the column
was approximately 25 ml. One-half ml of fractions 10
to 15 (counted from the time of application of the ex-
tract) was dried under nitrogen and applied to What-
man 1 paper and developed in a ligroine, methanol : water,
9:1 (vol:vol) system for 1 to 2 hours. These pa-
pers were scanned in the ultraviolet light to determine
which fractions contained progesterone. Usually proges-
terone appeared in fractions 11, 12, and 13. The three
fractions were pooled and added to scintillation vials.
The three fractions more polar and the three less polar
in certain experiments were also pooled into two scintil-
lator vials. All were dried in a vacuum desiccator over-
night. Ten ml of scintillation fluid (4 g PPO [2,5-di-
phenyloxazole] = 100 mg POPOP [1,4-bis-2-(5-phenyl-
oxazolyl benzene)] per L of toluene: methanol, 98:2
[vol: vol]) was added. The vials were then assayed for
*H and *C in an automatic liquid scintillator.6 The sam-
ples, including appropriate experimental standards and
blanks for each column, were counted for at least four
30-minute periods at each high voltage position (taps 3
and 8). These taps were just off the balance point for
each isotope, where the contribution of *C radioactivity
was minimal in the *H range. The counting rates of *H
and “C estimated this way gave a value for the initial
tritium content of the plasma, present specifically as pro-
gesterone, and corrected for losses during isolation. Ac-
curacy was within = 6% including counting errors. The
fractions on either side of the progesterone peak were
assayed in all the initial experiments. In most experi-
ments the *H radioactivity in side fractions was negligi-
ble. When it was greater than 5 cpm, the *H/*C ratio
of the side fraction was the same as the ratio for the
peak fraction. The columns were reused after passing
about 300 ml of mobile phase over them. However, each
column was rebuilt about every 6 to 12 weeks.

Specificity was considered valid because of the coin-
cidence of progesterone-*H, progesterone-*C, and inert
progesterone. Also, side fractions contained little ultra-

8 Tri-Carb model 314X, Packard Instrument Co., La
Grange, Il
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violet-absorbing material, but *H/*C ratios were equal
to peak fractions.

In the earlier experiments the three peak tubes and the
three tubes each more polar and less polar were com-
pared. Where sufficient radioactivity was present, the
*H/*C ratios in all three groups were shown to be equal.
The three peak tubes were examined individually, and
the ratios among ultraviolet adsorption and *H and *C
values were shown to be equal.

In two experiments 2.5 uc of progesterone-7-*H was
administered to ovariectomized women as a priming dose
followed by 7.5 uc progesterone-7-*H infused over 100
minutes. After 95 minutes blood was drawn sufficient
to obtain 4- X 20-ml samples of plasma to which was
added the recovery standard progesterone-4-*C. Each
was extracted, pooled, and separated on two chromato-
graphic columns in the usual manner. The three peak
progesterone tubes from each column were pooled, and
a sample was taken for counting. In one experiment the
remainder was then dried and incubated with 208-hy-
droxysteroid dehydrogenase 7 for 2 hours in 0.2 M phos-
phate buffer to which 0.005 M EDTA had been added
with 1.0 mg DPNH as cofactor. The incubate was ex-
tracted with ether, and the ether was taken to dryness.
The residue, after the addition of authentic 208-hydroxy-
4-pregnen, 3-one, was placed on a Celite column in the
usual manner (cyclohexane:70% methanol). The tubes
(no. 17, 18, and 19) containing the authentic 208-hy-
droxy-4-pregnen, 3-one were counted in the usual manner.
In the other experiment the progesterone was reacted
with 20a-hydroxysteroid dehydrogenase (5) in a similar
manner, employing a TPNH-generating system. At the
same time, controls were incubated, using as substrate
equivalent counts of the injection solution of progesterone-
7-*H and recovery standard progesterone-4-“C, and re-
acted with the hydroxysteroid dehydrogenase in the same
manner. In both experiments the clearance rates calcu-
lated from the *H/*C ratios of the 20« and 208 reduced
derivatives were the same as those calculated from the
initial ratio of the progesterone from the column using
the appropriate standards for all three calculations.

In 18 experiments, 73 determinations, the recovery of
“C had a mean value of 50.1% %= 0.17 (SE). The coeffi-
cient of variation was 9%.

Theory. The metabolic clearance rate of progesterone
from the plasma is defined as the volume of plasma from
which the steroid is completely and irreversibly removed
in unit time. The values expressed are then the plasma
metabolic clearance rate (MCR plasma). The mathe-
matical calculation of MCR as derived by Tait and
Burstein (3) in analogous treatment to that of Hamilton
and Remington (6) states:

If x’ is the radioactive concentration of the hormone,
then MCR-x’-dt is the radioactivity cleared (dR) in the
small time interval (dt). Then MCR-x'-dt=dR, and

L MCR-x'-dt = Rs,

7 Sigma Chemical Co., St. Louis, Mo.
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where Rs = total radioactivity injected into blood.
All radioactive measurements are conveniently ex-
pressed as fractions of dose injected. Then Rs=1, and

[ MCR -x'-dt = 1.
0

In the steady state where MCR is constant,
1

[ x’-dt.
3

The amount of steroid cleared from the blood in unit
time equals MCR-i, where i is the blood nonisotopic ster-
oid concentration. In the steady state the rate of clear-
ance will be equal to the rate of entry as the concentra-
tion in the blood is constant. Therefore, the production
rate (P') in the steady state is equal to the amount of
steroid cleared: P*= MCR-i. From the determination
of MCR and knowledge of blood concentration the pro-
duction rate of progesterone may be determined. -If
there is more than one compartment with secretion both
in the inner and outer compartments, the production rate
is the secretion directly into the inner compartment (i.e.,
the compartment that is measured) plus the proportion
of new steroid secreted into the outer compartments that
enters the blood (7). The inner compartment would
comprise that steroid which is in rapid equilibrium with
the blood, and the outer compartments, steroid that is in
slower equilibrium. These compartments do not neces-
sarily correspond with any anatomical boundaries. By
this definition, “production” would include progesterone
directly released into the appropriate compartment from
the endocrine glands plus progesterone synthesized in the
same compartment from intermediates, e.g., as regards
the inner compartment, this could include progesterone
released by the adrenals and gonads plus progesterone
converted from pregnenolone in the liver that emerges
into the general circulation [cf. discussion in (1)].

The MCR can be measured after a rapid single injec-
tion or a continuous infusion. If the production rate is
known, the MCR may be calculated indirectly from the
values of blood concentration: MCR = P'/i.

For all steroids so far investigated the disappearance
curve of radioactive concentration in plasma (measured
specifically as the hormone) must be represented by at
least two exponentials:

MCR[Qx’-dt —1; MCR =
0

x' = A’e~at 4+ Ble Bt 4 Cle™t,, .. (3).

Therefore, the metabolism and transport of the steroid
must be described by at least two compartments. To
calculate the metabolic clearance rate after single in-
jection (MCRE), then:

1 1
o = ’ ’ ’ (3)'
ﬁ oda AN B C

-~ + 5 + Sl

If only two compartments are used, the disappearance
curve is expressed as two exponentials MCR® = af/
(A’8+ B'a). The first part of this curve when extra-
polated against time gives a value for the initial volume

MCRR =
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of disappearance or inner compartment (V'). The esti-
mation of the outer volume (V@) is more difficult. The
second limb of the curve represents the sum of four
unknown influences (the metabolism in the inner and
outer compartments and the exchange in both directions
between the compartments). To be solved mathemati-
cally, metabolism must be considered to be exclusively in
either the inner or outer compartment (8). If metabolism
in the inner compartment is assumed to be zero (a=0),
then:

_ A'a + BB

“ A"+ B)(AB t B'a)’

Vn-OQ

and if the metabolism in the outer compartment is as-
sumed to be zero (e =0), then:

A’B’ (e — B)?

Ve-s® = @+ B (@B F B

In the single injection experiments, values were plotted
semilogarithmically. The values for MCR® have been
determined from the equation a8/(A’S + B'a) (4), where
a, B, A’, and B’ have been determined from the lines of
regression plotted as a double exponential curve with in-
dividual points fitted by the method of least squares.
Values of @ and A’ were obtained from plasma radio-
active progesterone concentrations expressed as milli-
microcuries per liter at 2.5, 5.0, and 7.5 minutes after
subtracting the extrapolated values for the same times
from the curve after 10 minutes extended back to the
ordinate. Values at 10, 15, 20, 30, 50, and 70 minutes
were then fitted for the straight line disappearance ob-
tained in each case. The values for 8 and B’ were de-
termined in this manner; at least four points were used in
this calculation for all subjects except 3, 4, and 15, in
whom only three points were used.

In the measurement of MCR™ a priming dose of radio-
activity was given to shorten the time necessary to at-
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tain constant radioactive congentration. After 10 min-
utes a continuous infusion of radioactivity of proges-
terone-7-°H was given. The infusion was given at a
constant rate (r) until the radioactive concentration was
constant (x'.) (at 85 to 105 minutes). For continuous
infusion :

1 r

f°° x'-dt X
0

Plasma radioactive progesterone concentration was
measured three times, at 10-minute intervals, towards the
end of the infusion. The MCRF was calculated from the
mean of these three values. The coefficient of variation
of the three values is expressed as standard deviation/
mean X 100%. The estimate of error of MCR™ is ex-
pressed as standard error/mean X 100%.

MCRr =

Results

The results are summarized in Tables I to VI.
The clearance rates measured after infusion of
saline with 0.4 or 20% ethanol calculated directly
or indirectly are not significantly different (p >
0.01 for all results).

If the calculation of clearance rate by the method
of continuous infusion is to be valid, the three final
values of radioactive concentration from which the
mean x', is determined must be constant. In both
males and ovariectomized females in whom con-
tinuous infusion experiments have been performed,
there is no significant trend among the three val-
ues in individual experiments. In the males the
values at 85 minutes were 102 = 3.0 (SE) %,

TABLE 1

The measured and calculated values determining the metabolic clearance rate of progesterone from plasma
(MCRr) in 10 males studied by the continuous infusion method

Mean of Coef- Rate of

Time 85’,95', ficient infu- MCR*  Error

Sub- Hema- 105’  of vari- sion o of esti-

jects Age Height Weight tocrit 10’ 85’ 95’ 105’ (x) ation* n x'c matet
years inches kg % cpm/L % cfgt_ .;( L/day %

day

2A 28 68 65.9 45 6,583 4,635 4,162 4,310 4,369 5.5 8.02 1,834 3.2
3A 27 69 90.9 45 3,231 1,842 1,754 1,913 1,836 4.3 4.92 2,682 2.5
4A 31 73 90.9 44 4,874 2,717 2,463 2,727 2,636 5.7 5.04 1,910 3.3
5A 28 68 71.3 43 4,599 2,406 2,725 2,698 2,610 6.8 4.80 1,838 3.9
6A 30 67 65.9 44 3,538 3,141 3,204 3,074 3,140 3.1 5.20 1,656 1.8
26% 26 66 68.1 40 2,477 2,105 2,537 2,275 2,305 9.4 4.00 1,736 5.4
27% 25 74 84.5 45 1,895 1,714 1,542 1,641 1,632 53 4.00 2,452 3.1
29% 26 72 86.4 44 2,833 2,365 2,199 2,481 2,348 6.0 3.87 1,647 3.5
30% 25 72 75.0 44 1,440 1,292 1,425 1,517 1,411 8.0 3.95 2,799 4.6
321 28 69 75.0 48 1,705 1,809 1,600 1,842 1,750 7.4 3.95 2,257 4.3
Mean(10)§ 27 69.8 78.0 44.2 6.1 2,081 + 137 3.6

*SD/mean X 100%,.
SE/mean X 100%. 5 5
Subjects in whom indirect estimation of adsorption was made; otherwise amount infused was determined directly.
Parentheses denote number of subjects; 4 denotes standard error.
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TABLE II

The measured and calculated values determining the metabolic clearance rate of progesterone from plasma
(MCR) in 11 ovariectomized females studied by the continuous infusion method

Mean of Coef- Rate of

Time 85’95/, ficient infu- MCR® Error of
Hema- 105’ of vari- sion xr esti-

Subjects Age Height Weight tocrit 10’ 85’ 95’ 105’ (x0) ation* (¢9] x'e, matet
years inches kg % cpm/L % c]pon_t‘>/( L/day %

day

8A 38 66 65.9 34 4,727 2,779 2,772 2,611 2,721 3.5 5.1 1,886 2.0
13A 31 62 63.2 28 3,668 3,772 3,563 3,753 3,696 3.1 5.3 1,557 1.8
14A 44 61 70.5 35 4,623 2,751 2,543 2,674 2,656 4.0 5.9 2,223 2.3
15A 34 65 74.1 42 3,113 2,720 2,916 3,076 2,904 6.1 5.9 2,047 3.5
16A 39 64 55.9 38 3,331 3,069 2,947 2,949 2,989 2.3 5.2 1,772 1.3
28% 45 65 68.2 33 2,670 2,831 2,807 2,631 2,756 3.9 2.9 1,444 2.2
341 38 67 72.7 34 4,434 1,828 1,676 1,657 1,720 5.4 2.9 2,338 3.1
351 30 66 56.8 33 3,430 1,893 1,683 1,739 1,772 6.1 29 2,270 3.5
361 42 63 65.5 40 4,231 1,164 1,116 1,216 1,165 4.3 2.9 3,452 2.5
37t 46 64 52.3 32 2,500 2,310 2,250 2,295 2,285 1.4 29 1,760 0.8
38t 32 66 82.7 31 2,218 1,207 1,421 1,274 1,300 8.4 3.0 3,159 4.8
Mean (11)§ 38 64 66.2 34.5 4.4 2,173 £175 2.5

*SD/mean X 100%,
'{SE/mean X 100%,

Subjects in whom ‘indirect estimation of adsorption was made; otherwise amount infused was determined directly.

§ Parentheses denote number of subjects; =+ denotes standard error.

and the last values at 105 minutes were 105 = 2.0
(SE) % that of the midpoint (95 minutes). In
ovariectomized females, the values at 85 minutes
were 102 = 2.0 (SE) % and at 105 minutes 101
+ 2.0 (SE) % that of the 95-minute value.

The mean coefficient of variation of the three
values used to determine the mean (x'.) plasma
radioactive progesterone concentration in the males
was 6.1% (range, 3.1 to 94%). The mean co-
efficient of variation in the ovariectomized females
was 4.4% (range, 1.4 to 84%). The mean error
of the estimate in males was 3.6% (range, 1.8 to
5.4%) and in ovariectomized females 2.5% (range,
0.8 to 4.8%) (Tables I and II).

In two long infusions designed to demonstrate
equilibrium over 8 hours there was no consistent
trend of the values obtained either upward or
down after 85 minutes. The coefficient of varia-
tion was 13.7 and 20% in one ovariectomized fe-
male (No. 47) and one male (No. 51), respec-
tively. The constant plasma progesterone con-
centration during the long infusion and the con-
stant values at 85, 95, and 105 minutes validate the
method of continuous infusion to measure meta-
bolic clearance rate in these subjects (Table III).

If the calculation of clearance rate by the single
injection method is to be valid, the values when
plotted semilogarithmically must show a straight
line disappearance. In the two experiments (9
and 17) in which values were measured at 50 and

70 minutes, the straight line obtained between 10
and 30 minutes was shown to be maintained.
Because large volumes of blood are required to
obtain values at 50 minutes (100 ml) and 70 min-
utes (200 ml), this cannot be done routinely to
confirm the single injection method. A compari-
son of single injection with continuous infusion
provides another test for straight line disappear-
ance.

In the ten males studied by single injection the
MCRE® was 2,450 = 437 (SE). In ten males stud-
ied by continuous infusion the MCR* was 2,081 =+
137 (SE). There is no significant difference be-
tween these values (p > 0.05). A 16.5% differ-
ence (p < 0.05) would have been significant, but
the difference was only 16%. In 11 ovariecto-
mized females studied by continuous infusion the
MCRF was 2,173 = 175 (SE), and in three ovari-
ectomized females studied by the single injection
method the MCR® was 2,428 + 322 (SE). The
difference of the means was 11%, but this was
not significant. A difference of 13% would have
been necessary for a significant difference.

From all these considerations, either the con-
tinuous infusion or single injection method is
valid. In pooling the data, however, the differ-
ence between single injection and continuous infu-
sion borders on the significant (p <.05 >.025).
As will be discussed later, the consistently higher
mean values for the MCR after single injection
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indicate that the integration of more than two ex-
- ponentials may give more accurate values. Also,
éﬁ‘g R 32 in practice continuous infusion is preferred, be-
“ cause random errors can be calculated more easily.
5:}3 § g3 In ten males the MCR* was 2,081 == 137 (SE),
S|y <2 and in eleven ovariectomized females the MCR*
was 2,173 =175 (SE) as estimated by continu-
:3: 25 Faeyg ous infusion. There was no significant difference
SRR | §R® 4 between these values.. The coefficient of variation
- , of the MCRF" of the males was 21%, and that of
= *gé 5*5 w52 the ovariectomized females was 27% (Table IV).
3 Cdse - The curves plotted for the means (A’, B, a,
& o and B) of males and ovariectomized females are
N §:§ 28 shown in Figure 1. The t; of the first portion of
3 the curve (1,000/«) has a mean value of 1.68
~ minutes for males and 0.96 minute for ovariecto-
% 3 23 mized females. The t; of final straight line disap-
g - 2%° pearance (1,000/8) has a mean value of 15.8
<2, minutes for males and 10.7 minutes for ovariecto-
3 2 a8 mized females. The experiments that had plasma
§ ) " determinations at 50 and 70 minutes had t; of 24
g s o and 26 minutes (9 and 17), and their MCR® were
g B 2% 2,069 and 1,359, both well in the range of results
= % of the continuous infusion experiments.
o 8 i g The mean initial volume of distribution for the
§ o g (" N o females was V1 9.2 L and for the males V! 13.2 L.
SN T R The males were larger than the females, the mean
3 g 3% weight of the females being 75.4 kg (in spite of
3 one weighing 113.6 kg) and that of the males
% 2 33 82.7 kg. Although there were not enough values
g - e to determine a regression analysis of weight and
§ § 33 TABLE IV
‘§ Summary of metabolic clearance rates measured by single
RS B injection (MCRE) and continuous infusion (MCRr)
§ i ég) methods in 14 ovariectomized females and 16 males
3 2
§ Coefli-
g cient of
S . Subjects MCRR variation
% Fi|= »s L ey %
= Ovariectomized
& . o . females (3)* 2,428 & 322} 23
$|&¥ &% = Males (6) 2,450 &= 437 43
® 3 Mean MCRR 2,443 + 294 33
g | 8 s .
g §. 33 g,é&% Overiectomized MeR
883 females (11) 2,173 = 175 27
% § 9= | XxE Males (10) 2,081 % 137 21
® §§§ Mean MCR* 2,129 +110 24
42 T Combined mean 2,223 & 114 28
a3 $5 | 694
e * Number of subjects.
t & denotes standard error.
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V1, there was a significant rank correlation be-
tween weight and V! (p < 0.025) in the males,
and apparently the same applied to the few females
(Table V).

The apparent volume (V) measured from the
extrapolation of the final slope of equilibrium was
(1/B) 50.4 L, but this was not a very useful
measurement. V@ can be calculated V,_? = 26.6
L (a=0; metabolism in the inner compartment
is zero), and Ve_¢? = 14.9 L (e = 0; metabolism
in the outer compartment is zero). The true value
of V@ therefore lies between 15 and 27 L, and this
cannot be calculated more precisely without a
knowledge of relative metabolism in both com-
partments. The total volume (VT and V@), which
is the total body content of hormone divided by
plasma concentration, has a range of 27 to 39 L.
In ovariectomized females the values were less,
as shown in Table V, but the number of observa-
tions was small.

The metabolic clearance rate of progesterone
after single injection was MCRF® 2428 + 322
(SE) in ovariectomized females and 2,450 = 437
(SE) in males. There was a difference of < 1%
between the means. The coefficient of variation of
determinations in the males was 43% and 23%
in the ovariectomized females (Table V).

As there is no difference between the single in-
jection and continuous infusion calculation of
clearance rates for the individual groups of ovari-
ectomized females and males, all the values can be
pooled to arrive at the most critical assessment of
whether there is a difference between ovariecto-
mized females and males. Combined plasma clear-
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ance for 16 males was 2,219 = 175 (SE) and for
14 ovariectomized females 2,228 + 137 (SE),-
which was not significantly different (Table IV).

In five continuous infusion experiments on
males, whole blood concentration was measured
at the same time as plasma (Table VI). The
plasma/blood concentration had a mean value of

TABLE VI

The measured and calculated values determining the metabolic clearance rate of progesterone from blood (M CRr) in the same
five males as Table I, measured by the continuous infusion method

Time shgiags("f Coeffi- MCRe
105 cient of Plasma/ _L) Error of
Subjects 85’ 95’ 105’ (x'e) variation* blood x'o estimatet
cpm/L % L/day %
26} 1,725 1,397 2,120 1,747 20.6 1.3 2,290 12.0
271 860 752 1,054 889 24.3 1.8 4,499 17.1
29% 975 825 984 928 9.6 2.5 4,170 5.6
30t 768 1,351 1,098 1,072 27.3 1.3 3,685 15.8
32t 1,276 931 900 1,036 20.1 1.7 2,813 11.7
Mean (5)§ 20.4 1.7 3,691 & 119 12.4

*SD/mean X 1009,
t SE/mean X 1009%,.
1 See second footnote to Table I.

§ Parentheses denote number of subjects; = denotes standard errar.
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1.7 £ 0.2 (SE) with a mean hematocrit of 44%,
indicating that progesterone was entirely in the
plasma. The mean MCR* for whole blood in the
males was 3,691 =119 (SE). The hematocrit
of the females (11 subjects) was 34.5%; their
whole blood clearance may be calculated to be
3,247 L per day by making the assumption that
they have the same plasma blood ratio as the
males.

Discussion

The rapid disappearance of progesterone from
plasma is well known. The rate of disappearance
of radioactivity from the plasma after the adminis-
tration of progesterone-4-*C has been shown by
Sandberg and Slaunwhite to have a t; of 20 min-
utes (9). Their value of t; 90 minutes for
subsequent equilibrium was believed to be for
progesterone and its most rapidly formed metabo-
lites. Reaction of the plasma with glucuronidase
and sulfatase gave values of plasma radioactivity
with an even slower disappearance. Haskins ex-
amined the disappearance of ultraviolet-absorbing
material from the plasma of rabbits after the in-
jection of 10 mg of progesterone and found the
value to be t; 4.9 minutes. By biologic assay the
value was t; 3.3 minutes (10). Soiva, Haskins,
and McCafferty showed the rapid disappearance
of plasma radioactivity after the injection of 276
rg progesterone-4-1*C (11). Nine minutes after
the single injection of progesterone-4-1*C Zander
showed the presence in the plasma of pregnanolone
(58 pregnane 3a-ol, 20-one), pregnanediol (58
pregnane 3e-20a-diol), and 20«-hydroxy-4 preg-
nen, 3-one). Short and Eton (12) calculated t,
to be 5 minutes in pregnant women after the re-
moval of the placenta at Cesarean section. Short
also showed in ewes a t; of 4 minutes after allow-
ing 5 minutes for complete mixing (13). Com-
parison of these results with ours is difficult be-
cause of the lack of specificity of the measurement
of progesterone in some of the reported work. In
other studies, the t; has been measured at a greater
time after the initial injection. In some reported
papers, both the design of the experiments and
nonspecificity of plasma radioactivity measure-
ments make their results incomparable with ours.
We could not conclude from these studies whether
the rapid disappearance of administered proges-
terone from plasma and blood was due to the rate
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of its metabolism or the rapidity of its spread into
a large volume throughout the body, perhaps be-
cause of the lipid solubility of progesterone. From
the present data V! is about 12 L and V@ has a
value between 15 and 27 L, which is a compara-
tively small volume. Thus, it can be confirmed
that the rapid disappearance of progesterone is
caused by its rapid rate of metabolism.

Results show that either the single injection or
continuous infusion method is valid for the meas-
urement of the metabolic clearance rate of pro-
gesterone, However, the higher mean values for
the MCR?® after single injection in both ovariec-
tomized women and in males indicate that more
accurate values can be obtained by measuring
concentrations at later times and integrating more
than two exponentials. As indicated in Methods,
the omission of a third exponential (or C'/y in the
MCR calculation) would lead to a value for MCR
that is too high. The continuous infusion method
has advantages, in that less blood need be drawn,
and equilibrium can be assessed in each case. It
is easier to test for equilibrium than for straight
line disappearance. Single injection, on the other
hand, gives more information on volumes of distri-
bution. Metabolic clearance rate can also be esti-
mated from the production rate of progesterone
and blood concentration (P!/i). However, di-
urnal variation in blood concentration is not con-
sidered unless more than one sample is drawn.
Also the only suitable metabolite, pregnanediol, is
excreted slowly, and after the injection of la-
beled progesterone the radioactivity of this metabo-
lite takes 4 days to collect. Pregnanediol is also
not necessarily the specific metabolite of proges-
terone alone.

The MCR for progesterone in plasma of 2,100
L per day (continuous infusion estimation for
males and ovariectomized females) is greater than
the plasma hepatic blood flow of about 1,500 L
per day. This indicates that progesterone must
be cleared to a considerable extent by extrahepatic
tissues. This has been suggested previously by
Berliner and Wiest, who showed the rapid con-
version of progesterone-4-1*C to seven metabolites
in the eviscerated rat (14). If the splanchnic ex-
traction of progesterone is assumed to be 100%,
extrahepatic clearance would be about 600 L per
day or about 50% of the splanchnic clearance.
Actually, the splanchnic extraction of progesterone
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has been measured directly by simultaneous assay
of peripheral and hepatic venous plasmas and
found to be about 70% (15). If this value is
taken, the amount of splanchnic and extrasplanch-
nic clearance would be about equal. This is to be
contrasted with aldosterone, where metabolic clear-
ance rate is equivalent to hepatic blood flow, he-
patic extraction of aldosterone is 95%, and extra-
hepatic clearance is less than 20% of the splanchnic
clearance,

The high clearance of progesterone does indi-
cate high hepatic extraction. Preliminary esti-
mates of hepatic extraction by direct measurement
are high (about 70%) (15). If this is true, it in-
dicates that aldosterone and progesterone, which
are bound mainly to albumin (16), are metabolized
readily in spite of this binding, which is strong in
the case of progesterone. Recently Seal, Makey,
and Doe (17) reported that progesterone is
strongly bound to corticosteroid-binding globulin
(CBG) in human plasma. However, reliable cal-
culations of the relative amounts bound to albu-
min and CBG in plasma have not yet been made.

The volumes of distribution of progesterone are
not so great as those of aldosterone but larger than
those of cortisol. This indicates that plasma al-
bumin binding has little effect on its distribution,
that progesterone binding by tissues is just as
strong as its binding to plasma proteins, or both.

There is a slight difference in the values of dis-
tribution of ovariectomized females and males that
is not statistically significant and may in part be
a result of the difference in hematocrit between
these two groups (females, hematocrit = 34%;
males, hematocrit = 44%). The plasma concen-
tration of progesterone is about the same in the
two groups (18).

From the plasma concentration in normal males
of 0.028 = 0.004 (SE) pg per 100 ml (18) and
the estimated urinary production rate of 4.5 mg
per day (19) or 32=*049 (SE) mg per day
(20), it can be estimated that the plasma clearance
rate in males would be about 14,000 L per day,
which is greatly in excess of cardiac output. Also,
taking the most reliable MCR value, as from the
continuous infusion results, a plasma production
rate in males can be calculated as 0.59 mg per day,
which is much lower than the corresponding uri-
nary production rates (mean value, 3.8 mg per
day). This discrepancy in plasma and urinary
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production rates was the first reported for any
steroid (1). In previous publications, the MCR
of progesterone was reported as about 3,000 L per
day, which was erroneously high due to adsorp-
tion of the tritiated progesterone in the tubing
used for infusion. However, the correct MCR
values of 2,100 L per day as reported have in-
creased the discrepancy in the urinary and plasma
production rates, The plasma concentration of
progesterone in the male used in this calculation
has recently been confirmed by a reliable gas
chromatographic method (21). These estimated
urinary production rates were determined from
the specific activity of pregnanediol in the urine
after the injection of radioactive progesterone.
However, by using a simultaneous injection of
pregnenolone-*H and progesterone-**C, Arcos,
Gurpide, Vande Wiele, and Lieberman (22) have
reported that progesterone is not the specific and
only precursor of 58 pregnane, 3a-20a-diol in the
male and ovulating females; this confirms that
measurement of progesterone production rates (1)
from pregnanediol is invalid in the male and sug-
gests that this may also be the case in the female.

It was also suggested (1) that discrepancies in
plasma and urinary production rates could be due
to conversion of a precursor to the hormone in an
outer compartment where the hormone is irre-
versibly metabolized to some extent and the uri-
nary metabolite is formed. Since then this has
been shown to be a likely explanation of the dis-
crepancies in the plasma and urinary production
rates of testosterone (23, 24) and androstenedione
(25).

The plasma concentration of progesterone in
ovariectomized females is 0.038 = 0.004 (SE) pg
per 100 ml (18) leading to a calculated plasma
production rate of 0.80 = 0.09 (SE) mg per day.
Urinary production rates in similar subjects have
been estimated as 1.1 =0.07 (SE) mg per day
(20). Although the urinary production rates are
probably significantly higher than the plasma pro-
duction rates, the difference in the values is much
smaller than in males and could possibly be ac-
counted for by differences in circadian variation in
plasma concentrations and metabolic clearance
rates. Similarly, the plasma concentrations in
pre- and post-ovulatory normal females are 0.14
and 1.05 pg per 100 ml (18, 26), which are simi-
lar to those recently reported by Van der Molen
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and Groen (21) leading to calculated plasma pro-
duction rates of 2.9 and 22.1 mg per day, respec-
tively, assuming that the MCR is 2,100 L per day
in normal females. Urinary production rates in
the pre- and post-ovulatory female have been esti-
mated as 5.0 and 30 mg per day (27). Again the
discrepancy in the urinary and plasma production
rates is not so great as in the male, but is large
enough to warrant caution in using urinary preg-
nanediol values in the normal female as accurate
indexes of circulating progesterone concentrations.
This agrees with the conclusions of Arcos and
co-workers (22).

It should be noted that the plasma production
rates for all subjects calculated here are lower than
those quoted in a previous discussion (18) be-
cause of the use of the lowered MCR value for
progesterone.

Probably the major usefulness of clearance rate
studies will be to calculate the blood production
rates from clearance rate and blood concentration
(3). This avoids the difficulties of the interpreta-
tion of calculated urinary production rates (1).

Summary

A method has been presented for the estimation
of the metabolic clearance rate (MCR) of proges-
terone by single injection and continuous infusion
from plasma and whole blood.

A comparison of the single injection and con-
tinuous infusion methods of measuring MCR in
males and ovariectomized females has been stud-
ied. The MCR measured by single injection
(MCRR®) is approximately equivalent to MCR
measured by continuous infusion (MCRT) in both
groups of subjects. However, the continuous in-
fusion method is considered more accurate and
practical.

The plasma MCRE for six males is 2,450 = 437
(SE) L per day with a coefficient of variation of
43%. The calculated total volume of distribution
is 27 to 39 L. The plasma MCRE for three ovari-
ectomized females is 2,428 == 322 (SE) L per day
with a coefficient of variation of 23%.

The plasma MCRF for ten males is 2,080 = 137
(SE) L per day with a coefficient of variation of
21%. The plasma MCRF* for 11 ovariectomized
females is 2,173 =175 (SE) L per day with a
coefficient of variation of 27%. There is no dif-
ference between males and ovariectomized females

11

in the rate of clearance of progesterone from the
plasma. The blood MCRF for five males is 3,691
=+ 119 L per day; the plasma/blood ratio is 1.7 =
0.2 (SE) with a mean hematocrit of 44%, which
indicates that there is no appreciable progesterone
in the red cells.

The rapid disappearance of progesterone has
been shown to be a result of metabolism rather
than distribution into a large volume. It is sug-
gested that even in the presence of high hepatic
extraction, progesterone is metabolized appreciably
by the extrasplanchnic circulation.

The measured MCR values lead to calculated
plasma production rates in the male that are much
less than the corresponding urinary production
rates, The discrepancy is less in ovariectomized
females.
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