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Presbyterian Hospital, New York, N. Y.)

(Submitted for publication July 1, 1958; accepted July 9, 1959)

Although numerous clinical studies have cen-
tered about the infusion of epinephrine and norepi-
nephrine (1-3), the plasma concentrations at-
tained by the infused catecholamines during such
investigations have never been delineated. Re-
cently a highly specific and sensitive procedure
for the simultaneous fluorometric determination of
epinephrine and norepinephrine in plasma was de-
scribed (4, 5). With this procedure, a detailed
investigation of plasma epinephrine and norepi-
nephrine levels during intravenous infusions in
man was undertaken and is now documented in
the present communication.

EXPERIMENTAL

Infusion studies were performed on a group of volun-
teers, viz., medical studients, and on a group of schizo-
phrenic patients at the New York State Psychiatric In-
stitute. Sterile saline solutions of l-epinephrine or 1-nor-
epinephrine (Suprarenin® bitartrate or Levophed® bi-
tartrate monohydrate, Winthrop Stearns Inc., N. Y.) for
infusion were prepared at concentrations of 0.5 or 4.0 ,ug.
free catecholamine per ml. Each study was initiated with
a 10 minute control period consisting of a saline infusion,
following which the administration of epinephrine or
norepinephrine was begun. Infusions were shifted at will
from saline to catecholamine by means of a three-way
stopcock. Flow rates were controlled by an infusion
pump (Process and Instruments Co., New York) which
permitted the instantaneous shifting of infusion speeds
while the pump was in operation. Flow rates of 1.5 to
7.5 ml. per minute were employed.

A total of 41 infusions was performed; these in-
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National Institutes of Health, Bethesda, Md.; and the
Florence L. Pond Gift to the Presbyterian Hospital, N. Y.

t Presented in part before the Division of Pharmacology
and Experimental Therapeutics at the Forty-Second
Annual Meeting of the Federation of American Societies
for Experimental Biology, Philadelphia, Pa., April 14-18,
1958.

t Deceased July, 1958.

cluded 24 infusions with 16 normal subjects (15 males and
one female) between the ages of 21 and 29 years, and 17
infusions with 14 schizophrenic patients (six males and
eight females) between the ages of 18 and 33 years.
Subjects received infusions in the left antecubital vein
while they were lying on a bed. Blood pressure and
pulse were noted at various intervals. Routinely, 30 ml.
blood specimens were drawn from the right antecubital
vein into syringes wetted with heparin solution (sterile
Liquaemin® Sodium, Organon Inc., Orange, N. J.), and
then transferred immediately to cold 40 ml. centrifuge tubes
equipped with ground glass stoppers. Specimens were
chilled in an ice-water bath until the complete set for the
particular experiment had been collected. They were
then centrifuged at 700 G for 15 minutes following which
the supernatant plasmas were removed and analyzed for
epinephrine and norepinephrine as described elsewhere
(4, 5). The plasma concentrations of catecholamine re-
ported in this communication are uncorrected for re-
coveries which had been demonstrated previously to
range from 70 to 90 per cent (5).

Infusions were automatically terminated after infu-
sion speeds of 30 ,ug. catecholamine per minute had been
reached, or if a pulse pressure of 100 mm. Hg or a basal
pressure increase of 100 mm. Hg were attained. Cessa-
tion of infusions also followed upon request of the sub-
ject, report of a persistent headache, or if the subject
appeared extremely uncomfortable although willing to
continue.

RESULTS

Constant rate infusions of epinephrine or norepi-
nephrine were characterized by the attainment of
steady state plasma concentrations as demon-
strated in Figure 1. Although at times fluctua-
tions in the steady state concentrations were ob-
served, particularly for norepinephrine (cf. Curves
B, C and E), the data in general were indicative
of the maintenance of a dynamic balance be-
tween the rate at which the particular catechola-
mine was added to plasma and the rate at which it
was simultaneously removed. Steady states were
maintained for up to 65 minutes, the longest
period tested. For epinephrine infusions, steady
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FIG. 1. PERIPHERALVENOUSPLASMACONCENTRATIONOF CATECHOLAMINE
OBSERVEDDURING CONSTANTRATE INTRAVENOUS INFUSIONS OF EPINEPH-
RINE OR NOREPINEPHRINE
Epinephrine infusions (top panel):

A. Normal female subject, S.D., 22 years, 110 lbs., 21.0 ,ug. per minute.
B. Normal male subject, A.K., 21 years, 175 lbs., 21.0 ,ug. per minute.
C. Normal male subject, S.T., 24 years, 160 lbs., 20.2 ,ug per minute.
D. Normal male subject, E.B., 23 years, 165 lbs., 12.4 ,ug. per minute.

Norepinephrine infusions (bottom panel):
A. Normal male subject, F.S., 23 years, 150 lbs., 21.0 ug. per minute.
B. Normal male subject, M.N., 22 years, 140 lbs., 17.5 ,tg. per minute.
C. Schizophrenic female subject, J.M., 23 years, 120 lbs., 20.0 ,ug. per minute.
D. Normal male subject, A.K., 21 years, 175 lbs., 20.8 ,ug. per minute.
E. Normal male subject, D.H., 22 years, 140 lbs., 21.0 ,ug. per minute.
F. Schizophrenic male subject, R.Z., 18 years, 130 lbs., 11.6 /Ag. per minute.

state concentrations were attained within 5 to
10 minutes. For norepinephrine infusions, the
time at which the steady state was attained was
not always clear due to fluctuations in the ob-
served plasma concentrations; however, roughly
10 minutes or less appeared to have been required.

During the infusion of one catecholamine (either
epinephrine or norepinephrine), the changes in
plasma concentration of the alternate noninfused
catecholamine were small and generally within the
limits of accuracy of the analytical procedure.
Representative data may be found in Table I
where the results of two typical stepwise infusions
at successively higher rates are listed. For such
infusion studies, blood specimens were drawn at
each infusion speed after 10 minutes had elapsed,
i.e., at the steady state. Hemodynamic responses

to infusions were as previously reported by Gold-
enberg and co-workers (1). There was consider-
able variation in intensity of blood pressure and
pulse response among the subjects; however, there
was no correlation between individual differences
in sensitivity and plasma concentrations of the in-
fused pressor amines.

For each individual, the steady state plasma
concentration of infused catecholamine was related
to the infusion speed in a linear fashion. This is
demonstrated in Figure 2 where the results of
separate infusions of epinephrine or norepineph-
rine in the same individual have been graphed. It
should be noted that each epinephrine or norepi-
nephrine curve represents a separate infusion of
that particular catecholamine. Of particular in-
terest was the finding that for comparable in-
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fusion speeds, norepinephrine attained a higher
concentration in plasma than did epinephrine.

The steady state data accumulated during all 41
infusions have been plotted in Figure 3. Very
little variation among individuals was evident for
steady state concentrations of epinephrine; the
data lay on a fairly well defined straight line. For
norepinephrine infusions, on the other hand, a
much wider range of steady state concentrations
was observed; however, it was clear that such
variations were not due to any inherent difference
between *the normal and schizophrenic groups.
The highest plasma concentrations attained by
the infused catecholamines during these studies
were in the neighborhood of 6 /Ag. per L. for
norepinephrine infusions and 3 pg. per L. for
epinephrine infusions; these values were 10- to

TABLE I

Blood pressure, pulse and peripheral venous plasma concen-
trations of epinephrine and norepinephrine during

intravenous infusions of either catecholamine
(Subject L.M.)*

Plasma
concentration

Blood
Infusion rate Time pressure Pulse Norepin. Epin.

ug./Kg./min. min. mm. Hg per min. ;,g./L.

Norepinephrine infusion
0.000t 0

8 110/80 68
11 0.16 0.02

0.100 13
23 120/80 54
23.5 0.47 0.19

0.203 25
35 140/90 48
36 2.14 0.23

0.360 37.5
47.5 160/90 52
48 4.43 0.36

0.472 50
58.5 170/90 52
61 6.06 0.36

Epinephrine infusion
0.000t 0

9 110/80
10 0.21 0.05

0.094 12
21 140/70 96
22.5 0.12 0.63

0.188 25
34.5 140/60 108
35.5 0.07 1.09

0.313 37
46 140/70 108
46.5 0.03 1.90

* Schizophrenic female, 30 years, 140 lbs.
t Saline infusion.
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FIG. 2. COMPARISONOF SEPARATE INFUSIONS OF EPI-
NEPHRINEOR NOREPINEPHRINEIN SEVERAL SUBJECTS
Plasma concentrations were measured for each infu-

sion speed after 10 minutes had elapsed, i.e., at the steady
state. The concentration of only the infused catechola-
mine was plotted. Epinephrine is represented by the
dashed lines with solid circles; norepinephrine by the
solid lines with open circles.

A. Schizophrenic male subject, J.T., 33 years, 155 lbs.
B. Schizophrenic female subject, L. M., 30 years, 140

lbs.
C. Normal male subject, A.F., 21 years, 185 lbs.
D. Normal male subject, R.D., 23 years, 140 lbs.
E. Normal male subject, D.P., 22 years, 150 lbs.
F. Normal male subject, A.K., 21 years, 175 lbs. The

norepinephrine data for this subject were obtained
during a prolonged constant rate infusion.

15-fold higher than the highest normal resting
values observed, viz., 0.6 ,ug. per L. for norepi-
nephrine and 0.2 jug. per L. for epinephrine.

In several studies, blood specimens were drawn
at various time intervals after cessation of the
infusion in order to determine the rate of decay of
infused catecholamine from plasma. The data
obtained are listed in Table II. The decay from
plasma was very rapid with a half-life of roughly
one to two minutes (cf., Subjects 2, 3, 4 and 6).
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FIG. 3. STEADY STATE PERIPHERAL VENOUSPLASMA CONCENTRATIONSOF CATE-
CHOLAMINE OBSERVEDDURING CONSTANTRATE INTRAVENOUS INFUSIONS OF EPI-
NEPHRINE (RIGHT) OR NOREPINEPHRINE(LEFT)

Data were obtained during 41 separate infusions of epinephrine or norepinephrine.
For each infusion speed, blood specimens were drawn after 10 minutes had elapsed,
i.e., at the steady state. In each instance, the plasma concentration of only the infused
catecholamine was plotted.

Norepinephrine plasma levels returned to normal
within four to eight minutes (cf., Subjects 4, 5 and
7). In a single instance, viz., Subject 1, there ap-
peared to be a mild elevation in the epinephrine
level 10 minutes after cessation of the infusion.

TABLE II

In vivo rate of decay of infused catecholamines
from plasma

Catecholamine
Infused Sampling time after concentration

Subject catecholamine infusion halted in plasma

min.: sec. pg./L.

1 Epinephrine 0:00* 2.79
10:00-11:00 0.39

2 Epinephrine 0:00* 2.70
1:00- 1:40 1.62

3 Epinephrine 0:00* 0.71
1:00- 1 :50 0.47

Norepinephrine 0:00* 3.42
1:00- 1 :50 2.50

4 Norepinephrine 0:00* 2.68
1:30- 3:00 0.72
7:00- 8:00 0.28

5 Norepinephrine 0:00* 2.43
4:00- 5:30 0.49

6 Norepinephrine 0:00* 1.47
0:30- 1:30 1.25

7 Norepinephrine 0:00* 0.86
4:00- 5:30 0.25

* Sample drawn at steady state, just previous to ces-
sation of infusion.

DISCUSSION

During a constant rate infusion, the steady state
represented a condition in which the rate of ad-
dition of catecholamine to plasma was exactly
equal to the summation of the rates of the various
processes regulating the disappearance of that
catecholamine from plasma (ziz., diffusion, excre-
tion, metabolic transformation, binding to various
tissues and so forth). Although the major source
of the elevated plasma catecholamine levels was
obviously the infused material, consideration was
also given to the possibility of increased endoge-
nous contributions from the body stores such as
the adrenal glands and sympathetic nerves. How-
ever, the data indicated a lack of significant con-
tributions from these sources. For instance, dur-
ing norepinephrine infusions the changes in plasma
concentration of epinephrine were small (Table I)
indicating no major adrenal participation. Simi-
larly, no norepinephrine influx could be detected
during epinephrine infusions.

The removal of catecholamine from plasma dur-
ing infusions was associated with overall first
order kinetics as demonstrated by the linearity
between steady state concentration and infusion
rate (Figure 2). No saturation of the mechanisms
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controlling catecholamine removal from plasma
was detected for plasma levels as high as 6 pg.
norepinephrine per L. or 3 ug. epinephrine per L.,
i.e., linearity was maintained at these levels. The
remarkable degree to which all subjects exhibited
similar abilities to remove epinephrine from
plasma during infusions was demonstrated by the
narrow limits between which the data fell in
Figure 3. The wider scattering of the norepineph-
rine data was no doubt due, at least in part, to

the fluctuations in steady state concentrations
which were observed at times during constant rate
infusions, and also perhaps to individual differ-
ences among the subjects. The lack of any dif-
ference between data obtained from normal and
schizophrenic subjects (Figure 3), and the rele-
vance of this observation to current suggestions of
defects in epinephrine metabolism associated with
schizophrenia, are discussed in greater detail else-
where (6).

The relatively higher concentrations attained by
norepinephrine than by epinephrine during in-
fusions at equivalent rates (Figure 2) indicated
that epinephrine was removed from circulation at
a faster rate than norepinephrine. However, it
should be noted that the strong hemodynamic ef-
fects of infusions of epinephrine or norepinephrine
may have affected the steady state concentrations.
For instance, epinephrine infusions are known to
increase blood flow through liver whereas norepi-
nephrine infusions do not (3). Since the liver
has been demonstrated to be a major site for epi-
nephrine and norepinephrine inactivation (7), it
follows that increased liver blood flow associated
with infusions of epinephrine may have resulted
in lower steady state concentrations. Other hemo-
dynamic factors such as the increased cardiac out-
put and decreased total peripheral resistance as-

sociated with infusions of epinephrine, and the
increased total peripheral resistance associated
with infusions of norepinephrine (1) may also
have been contributory.

Estimation of resting secretion rates

It may be observed in Figure 3 that average

steady state plasma concentrations of roughly 3.5
,ug. norepinephrine per L. or 2.5 pg. epinephrine
per L. were associated with infusion rates of 0.4

,ug. per Kg. per minute. In the absence of in-

fusion of exogenous catecholamine, average nor-
mal concentrations (antecubital vein) had been
reported previously (5) as 0.30 ,g. norepineph-
rine and 0.06 fLg. epinephrine per L. plasma,
From the linear relationship between infusioa
rates and steady state concentrations, and frorm
the assumption that resting values were observed
under steady state conditions, estimates of the
average rates at which endogenous material reach
the circulating plasma under resting conditions
were calculated as follows:

Norepinephrine, 0.35 ,ug. per L.
0.4 ,ug. per Kg. per min.

3.5 ,ug. per L.
= 0.04 Ag. per Kg. per min.

Epinephrine, 0.06 Ag. per L.

X 0.4 yg. per Kg. per min.
2.5 ,ug. per L.

= 0.01 ,ug. per Kg. per min.

It should be noted however, that the major portion
of endogenous norepinephrine is produced by
sympathetic nerves (8, 9) which do not secrete
directly into the general circulation; hence, only
that portion escaping metabolic destruction or
binding between the sites of secretion and subse-
quent entry into the blood circulatory system is
reflected in the plasma concentration. Therefore
the average endogenous -self-infusion rate cal-
culated for norepinephrine should be distinguished
from the average endogenous secretion rate, for
which the self-infusion rate represents a lower
limit. In comparison, the major portion of endoge-
nous epinephrine enters the circulation directly
via the adrenal veins, and hence the endogenous
secretion rate for epinephrine may be calculated
directly as shown.

TABLE III

Calculated secretion rates of chromaffin tumors
(pheochromocytoma)

Plasma concentration

Patient Norepin. Epin. Calculated secretion rate

pg./L. pg. norepin./Kg./min.
J.T. 1.9 0.17 0.22
K.H. 3.2 0.14 0.37
S.G. 5.6 0.0 0.64
P.L. 12.2 0.4 1.4
J.B. 30.5 0.2 3.5
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The infusion experiments simulated very closely
the situation in patients with norepinephrine and/
or epinephrine producing tumors, i.e., pheochromo-
cytomas. Secretion rates of such tumors could
therefore be calculated in the same manner as

outlined for resting secretion rates. Several ex-

amples of the plasma concentrations observed by
us in patients with pheochromocytomas and of the
secretion rates to which they corresponded are

listed in Table III.

Calculation of turnover times

The "turnover time" of a hormone has been
defined (10) as the time required for complete
replacement of circulating hormone by a fresh
endogenous supply. At the steady state, the turn-

over time is given by the equation T = cv/r,
where c is the average concentration of hormone
in plasma, v is the total volume of plasma, and r is
the average rate at which hormone is added to

blood. For plasma epinephrine and norepineph-
rine (antecubital vein), a turnover time of 30
seconds was calculated from average steady state
concentrations (v) of 3 MAg. per L. associated with
infusion rates (r) of 20 Fg. per minute (Figure
2), and from an average plasma volume (v) of
3.3 L. (based on an average blood volume of 6 L.
and an average plasma composition of 55 per

cent). Actually the value for epinephrine should
be some 20 per cent lower while that for norepi-
nephrine should be some 20 per cent higher than
the calculated value on the basis of the relatively
lower or higher steady state concentrations ob-
served for each substance, respectively. In com-

parison the following turnover values in whole
blood have been calculated by Pearlman (10): 3.3
minutes for progesterone, 6 minutes for total
estrogens, and 17 minutes for 17-hydroxycorti-
coids. It should be noted that the turnover time
calculated for the infused catecholamines must be
the same as that for endogenous secreted pressor

amine in view of the linear relationship between
infusion rate and steady state concentration (Fig-
ures 2 and 3).

SUMMARY

1. Peripheral venous plasma concentrations of
epinephrine and norepinephrine were measured
during intravenous infusions of these substances.

During infusions, concentrations as high as 3 ,ug.
epinephrine or 6 ,ug. norepinephrine per L. plasma
were attained.

2. Constant rate infusions were characterized
by the attainment of steady state plasma concen-
trations within 5 to 10 minutes. Steady state
concentrations were directly proportional to in-
fusion speeds. Higher concentrations were at-
tained by norepinephrine than by epinephrine for
infusions at comparable speeds.

3. There was very little variation among indi-
viduals (both normal and schizophrenic) with re-
gard to rates at which epinephrine was removed
from plasma during infusions. Wider variations
were noted for norepinephrine.

4. The half-life in plasma of the infused cate-
cholamines was about one to two minutes.

5. Normal endogenous self-infusion rates of
0.04 ,g. norepinephrine per Kg. per minute, and
0.01 jug. epinephrine per Kg. per minute were
calculated from the data. Similar calculations
were employed to determine the secretion rates in
patients with pheochromocytoma.

6. Turnover times of 30 seconds were calculated
for plasma epinephrine and norepinephrine.
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