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clearance values based on venous and arterial sampling. The increase in plasma NE postoperatively was due to an increase in the plasma
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Whole Body Clearance of Norepinephrine

THE SIGNIFICANCE OF ARTERIAL SAMPLING AND

OF SURGICAL STRESS

JANNIK HILSTED, NIELS J. CHRISTENSEN, and STEN MADSBAD,
Surgical Department 1 and Department of Anaesthesiology,
Kommunehospitalet; Department of Internal Medicine and
Endocrinology, Herlev Hospital, Copenhagen, Denmark

ABSTRACT The whole body clearance of norepi-
nephrine (NE) was measured in seven patients pre-
and postoperatively. LPHINE was infused intrave-
nously for 90 min and steady-state concentrations of
L[*HINE were measured at 75 and 90 min in both ar-
terial and peripheral venous blood. Preoperatively, in
the resting supine position, the clearance values based
on arterial and venous sampling averaged 1.4 and 2.5
liter/min, respectively (P < 0.02). The difference in
clearance values was due to a peripheral uptake of NE
averaging 45%.

The mean plasma NE increased from 1.70 nmol/
liter preoperatively to 5.20 nmol/liter postoperatively
(P < 0.02). The plasma appearance rate of NE aver-
aged 2.4 nmol/min before surgery and it increased to
9.5 nmol/min postoperatively (P < 0.02). The plasma
clearance of NE averaged 1.4 and 1.6 liter/min pre-
and postoperatively, respectively (not significantly dif-
ferent).

Our study demonstrates that the calculation of
plasma NE clearance based on venous sampling results
in values that are too high. Furthermore, such values
may be influenced by individual variations in the pe-
ripheral uptake of NE, since we found no correlation
between clearance values based on venous and arterial
sampling. The increase in plasma NE postoperatively
was due to an increase in the plasma appearance rate
of NE because the clearance rate did not change.

INTRODUCTION

After the advent of sensitive and precise radioenzy-
matic assays for the determination of catecholamines
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in plasma there has been a renewed interest in deter-
mining the plasma appearance rate and plasma clear-
ance of norepinephrine (NE)! and epinephrine. Re-
cently, several authors using intravenous infusion of
either labeled or unlabeled NE have reported a mean
plasma clearance of NE of ~3 liter/min in resting
supine man (1-3). However, as pointed out elsewhere
(4), this is a surprisingly high value, close to cardiac
output, suggesting that the extraction of NE is nearly
100% in several organs. In the studies mentioned above
NE was infused intravenously in one arm and blood
for the determination of steady-state plasma concen-
trations of unlabeled or labeled NE was collected from
a vein in the opposite arm. Evidently, steady-state con-
centrations of NE have to be determined in arterial
blood or preferably in mixed venous blood in the pul-
monary artery. When venous sampling is used for
measuring the steady-state concentration, the uptake
of NE in peripheral tissue is disregarded and the clear-
ance values may therefore be too high. The aim of this
study was, firstly, to examine if the whole body clear-
ance of NE differed when the steady-state concentra-
tions were measured in arterial rather than in venous
blood and, secondly, to examine the influence of sur-
gical stress on the plasma appearance rate of NE.

METHODS

Patients

Clinical data are given in Table 1. Seven female patients
undergoing elective cholecystectomy participated in the
study after giving informed consent. The patients had no
other known disease and they took no drugs apart from oral
contraceptives in two patients. The patients were examined
1-2 d before surgery and 2-4 h postoperatively. The patients
were operated under standard anesthesia using halothane in

! Abbreviation used in this paper: NE, norepinephrine.
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five patients and neurolept anesthesia in two patients. The
perioperative blood loss was minimal and the postoperative
period was uncomplicated in all patients. Postoperatively the
patients received no medication apart from intramuscular
injections of meperidine (75 mg) for pain and a slow intra-
venous infusion of saline. This therapy was discontinued
before the experiment was started.

Procedure

The experiments were always performed between 2 and
6 p.m. The patients were studied in the supine position after
at least 1 h of rest. Preoperatively the patients had fasted for
6 h and abstained from tobacco for at least 2 h preceding
the study. The study was carried out 2-4 h after surgery.

A catheter was placed in a superficial vein in both forearms
for blood sampling and intravenous infusion of L[*H]NE.
L*HINE (3-5 Ci/mmol, sp act, New England Nuclear, Bos-
ton, MA) was prepared pharmaceutically. The radiochem-
ical purity was measured before each experiment by chro-
matography and was at least 97%. The L[*HJNE was stored
in tartaric acid. Before the experiments the solution was
diluted in saline. The infusion rate was ~0.7 uCi/min for
90 min. Aliquots of the L[*HINE infusate were collected for
further analysis at the start and at the end of the infusion.

Venous blood was collected before (0 min sample) the
infusion started and at 30, 75, and 90 min during the in-
fusion. Arterial samples were obtained by puncture of the
femoral artery at 75 min and if possible also at 90 min.

The heart rate and the arterial blood pressure were mea-
sured at 15-min intervals during the experiments.

Assays

L[*HINE. Tritiated NE in 3-ml samples of plasma and in
aliquots of the infusate was extracted by alumina (5) and
eluted by 6 ml of acetic acid as described earlier (6). A small
sample of the eluate was stored for determination of the
endogenous catecholamine concentrations whereas the larger
portion of the eluate was freeze-dried and the radioactivity
counted.

Deaminated metabolites. 3 ml of plasma and aliquots of
the infusates were treated by alumina extraction as described
above. The eluate was saturated with NaCl, acidified, and

extracted into 5 vol of ethylacetate (5). An aliquot of the
organic sample was evaporated in a current of air and the
radioactivity was counted.

Endogenous NE and epinephrine concentrations. These
were measured in the alumina eluate by means of a single-
isotope derivative assay described elsewhere (7). The alu-
mina eluate contained ~400 cpm of L[*HINE (apart from
the 0 min sample). Only 50 ul of the 6 ml of alumina eluate
were used in the analysis and the contribution of L[*H]NE
to the 3H-labeled normetanephrine derivative in the assay
was therefore very small, corresponding to ~1-2 cpm (taken
the recovery of the assay into account) or <1% of the total
counts achieved in the assay of NE. No adjustment was there-
fore necessary. The infusion of LPHIJNE was calculated to
raise the endogenous NE concentration in arterial blood
~0.12 nmol/liter at steady state (see below).

Calculations. The clearance was calculated as follows:
LI*HINE infusion dose dpm/min/L{*H]NE plasma dpm/liter.
Both parameters were calculated on the basis of the counts
per minute in the alumina eluate.

The plasma appearance rate of NE (nanomoles per min-
ute) was calculated by the formula: plasma NE concentration
nmol/liter X clearance liter/min.

The extraction ratio was calculated as ¢, — ¢,/c,, where
c. and c, are L[°HINE counts in arterial and venous blood,
respectively.

The blood pressure was measured indirectly by a sphyg-
momanometer.

Statistics

Differences between mean values were tested for statis-
tical significance by Wilcoxon’s tests for two samples and for
pair differences while correlations was measured by Pear-
son’s product-moment correlation coefficient, r.

RESULTS

Pertinent clinical data are given in Table I. There was
no difference either preoperatively or postoperatively
in plasma NE before and after infusion of the tracer
(Table II). The infusion of L*’H]NE was calculated to
increase the 75-min values in both experiments by

TABLE I
Clinical Data
Heart rate Blood pressure
Patients Age Height Weight Preoperative Postoperati Preop Postoperative
yr cm kg beats/min mmHg
1 57 165 61 65 96 150/100 170/100
2 52 162 70 74 74 140/90 140/85
3 35 168 85 76 80 140/95 150/95
4 45 174 101 60 83 145/100 135/80
5 26 166 65 60 88 110/70 110/65
6 60 163 68 62 82 115/70 115/70
7 36 163 71 66 70 120/80 120/80
Mean 44 166 74 66 82 131/86 134/82'
SEM 5 2 5 3 3 6/5 8/5
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TaBLE II
Mean Plasma NE and Epinephrine Concentrations in a
Peripheral Vein (V) and the Femoral Artery (A)

Preoperativel Postoperatively
pe y

ov 5V 75A ov 75V T5A

min

Mean norepinephrine

(nmol/liter) 1.70 207 181 520 393 3.07
SEM 023 030 019 196 085 049
Mean epinephrine

(nmol/liter) 049 055 062 082 1.14 1.50
SEM 015 0.11 010 023 037 049

Data were obtained in seven patients pre- and postoperatively be-
fore (0 min) and at 75 min during the infusion of L[PHINE.

~0.12 nmol/liter, a value too small to be of any sig-
nificance. The mean arteriovenous difference of NE
and epinephrine were negative and positive, respec-
tively, but the differences were not significant (Table
II). The mean preinfusion level of plasma NE in-
creased from 1.70 nmol/liter preoperatively to 5.20
nmol/liter postoperatively (P < 0.02), whereas plasma
epinephrine concentrations did not differ.

The calculated clearance values are given in Table
III and the results are summarized in Fig. 1. The alu-
mina eluates of plasma and infusate were also exam-
ined for deaminated catecholamines. Only a very small
number of counts could be ascribed to deaminated
products, <1% of the counts in the alumina eluate from

Clearance | x min-1

6.0 -
4.0 -
»
venous
2.0 x
9 arterial
0 Lyf— T T
30 75 90 min

FiIGURE1 All calculated NE clearance values (liter [I] per
minute) based on venous (upper curve) or arterial (lower
curve) samples. Data represent mean+SEM.

° P <0.01.
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the plasma samples. There was no difference in the L-
[BHINE counts in aliquots of the infusate taken at the
start and the end of the 90-min infusion period. The
preinfusion sample at the postoperative examination
did not contain radioactivity.

The clearance values calculated on venous samples
after a 30-min infusion period were higher than the
corresponding values calculated after 75 min (Fig. 1,
P < 0.01), whereas there was no difference between
the 75- and 90-min values either on venous or on ar-
terial samples, respectively. Thus, steady-state con-
centrations were obtained after 75 min of infusion. All
clearance values based on venous sampling were sig-
nificantly higher than the corresponding clearance
values based on arterial sampling both at 75 and 90
min (Fig. 1, P < 0.01). No significant correlation was
obtained between venous and arterial clearance values.
There was a highly significant inverse correlation be-
tween the forearm fractional extraction and the cal-
culated whole body clearance based on arterial (r
= —0.79, P < 0.01) but not on venous samples (not sta-
tistically significant).

Preoperatively the clearance values based on arterial
samples at 75 min averaged 1.4 liter/min and the ex-
traction ratio averaged 0.45. Postoperatively the cor-
responding values were not significantly different
(Fig. 2).

Preoperatively the plasma appearance rate of NE
averaged 2.4 nmol/min and it increased to 9.5 nmol/
min postoperatively (Fig. 3, P < 0.02).

The heart rate and the arterial blood pressure did
not change significantly during the infusions of
LPH]NE. The mean heart rate was significantly higher
postoperatively compared with the preoperative value
(Table I, P < 0.05), whereas the mean blood pressure
was the same.

DISCUSSION

The present study shows that (a) the plasma clearance
of NE and the plasma appearance rate of NE are lower
when the calculations are based on arterial sampling
compared with venous sampling and (b) surgical stress
in the immediate postoperative period increased the
plasma appearance rate of NE whereas the clearance
of NE was not altered.

Using arterial sampling we found a mean whole
body clearance of NE of 1.4 liter/min in resting human
subjects, considerably lower than the values previously
reported in the literature (1-3). In these studies venous
blood was used for determination of steady-state con-
centrations of the infused NE. The difference in the
clearance values in our study compared with previous
studies can be explained in the following way: When
venous blood is used the steady-state concentrations
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TaBLE III
Calculated Clearance Values of NE and the Extraction Ratio (E) Based on Blood Samples Obtained
from a Peripheral Vein (Cly) and the Femoral Artery (Cl,).

Preoperatively Postoperatively
Cly Cly E Cl Cly E Cla Cly Cly E Cly Cly E Cly
Patients 30 min 75 min 90 min 30 min 75 min 90 min

1 3.1 2.6 0.54 1.2 2.8 0.46 1.5 8.3 3.7 0.46 2.0 — — 19
2 2.5 2.5 0.52 1.2 —_ — — 3.9 2.5 0.20 2.0 — — —
3 39 2.7 0.52 13 2.9 — — 5.0 3.2 0.50 1.6 3.0 0.40 1.8
4 3.1 23 0.65 0.8 1.9 0.32 3 3.5 2.4 0.37 1.5 2.4 0.25 1.8
5 2.7 3.3 0.40 2.0 — — — 2.8 2.4 0.42 14 2.8 0.31 2.0
6 2.9 23 0.20 19 25 - —_ — 2.1 0.07 2.0 1.6 0.19 13
7 1.7 1.6 - — 18 0.34 1.2 2.8 23 0.12 2.0 1.7 0.46 0.9

Results were obtained in seven patients pre- and postoperatively at various time intervals (minutes) during intravenous infusion of

L*HINE.

* Values were expressed in liters per minute.

Clearance | x min-1

2 -
T
T
1 -
0
Extraction ratio
1.0 -
0.5 - T
-
0
Before After

Surgery Surgery

FIGURE 2 Arterial NE clearance values (liter [I] per minute)
at 75 min pre- and postoperatively (upper curve). The ex-
traction ratio pre- and postoperatively based on L[PH]NE
counts in arterial and venous samples at 75 min (lower
curve). (In case 7 the values obtained at 90 min were used
in the calculations.) Data represent mean+SEM.

of the infused NE are lower due to the peripheral
uptake of NE and therefore the calculated clearance
values are higher. The peripheral arteriovenous dif-
ference of endogenous plasma NE is relatively small
because the uptake of NE is masked by a concomitant
release of NE from the peripheral tissue. The finding
that upper thoracic sympathectomy lowers the NE
concentration in the forearm venous blood shows that

Plasma NE
appearance rate
nmol x min-1
154
10 x
5 -
I
0
Before  After
Surgery Surgery

FiGURE3 The calculated plasma appearance rate of NE
(nanomoles per minute) based on the preinfusion endoge-
nous NE concentration and arterial clearance values mea-
sured after 75 min of infusion of L[*HINE. (In case 7 the
clearance values obtained at 90 min were used in the cal-
culations.) Data represent mean+SEM.

* P < 0.02.
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a substantial amount of NE is added to the blood in
peripheral tissues (8).

It is possible that we slightly overestimated the
whole body clearance of NE because small amounts
of NE may be taken up by the lungs (9-12). In humans,
Sole et al. (11) found aortic NE levels to be 25% lower
than pulmonary artery levels, indicating that the lungs
extracted at least 25% of the NE passed through them.
However, in a recent study by Kjeldsen et al. (12)
virtually no difference was found between plasma NE
concentrations in the brachial and the pulmonary ar-
tery in a group of subjects undergoing cardiac cath-
eterization but showing normal hemodynamics.

It is possible that the clearance values of NE based
on venous sampling may be used as a relative index
of the whole body clearance of NE, although we found
no significant correlations between the calculated ve-
nous and arterial clearances of NE. The latter conclu-
sion is based on a relatively small number of obser-
vations. It may well be that significant correlations
would be found if conditions resulting in a greater
diversity of clearance values were studied. However,
the finding of a negative correlation between forearm
fractional extraction and clearance values at 75 min
based on arterial but not on venous sampling may be
due to the influence of forearm hemodynamics on
clearance values based on venous sampling. It is likely
that the whole body clearance of NE based on arterial
sampling correlates positively to the cardiac output,
whereas the forearm fractional extraction is likely to
decrease with increasing regional blood flow (10). The
main advantage of using arterial sampling compared
with venous sampling for the determination of the
whole body clearance of NE is that the clearance val-
ues are not influenced by changes in the regional frac-
tional extraction. The main disadvantage is that the
determination requires arterial puncture or catheter-
ization.

When radioactive labeled NE is used for the deter-
mination of NE clearance it is an important assump-
tion that there is no recycling of [*'HINE i.e., [PH]NE
taken up into nerve terminals is not released along
with endogenous NE, or that recirculation of the tracer
by release from nerve terminals after uptake is neg-
ligible in comparison with the rate of infusion of
tracer. This is probably so since clearance values based
on venous sampling are approximately the same after
intravenous infusion of unlabeled NE or labeled NE.
In the study by Esler et al. (8) clearance values are
identical to those reported by Silverberg et al. (1) pro-
vided that in the latter study the endogenous NE re-
lease ceased during the infusion, which is most likely.
In our study clearance values based on venous sam-
pling were only slightly lower than those reported in
these two studies. Furthermore, as shown by Esler et
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al. (3) and confirmed in our study when steady-state
concentrations of infused [*H]NE have been obtained,
values do not decrease further with time. Finally, cal-
culations based on results obtained in in vitro studies
suggest that recycling is unlikely to be a significant
problem. A substantial part of [PH]NE taken up by a
neuronal mechanism is deaminated intraneuronally
whereas a smaller part is reused for release (13, 14).
Furthermore, the fractional turnover rate of NE in
several tissues is ~0.06/h (T,/z is ~12 h) (15). There-
fore, only a minor fraction of the NE accumulated in
the organs is likely to be released during the experi-
mental period together with endogenous NE (~6% of
the [*HINE taken up in the vesicles). Finally, only a
fraction of the [*HINE released from the nerve ter-
minals will reappear in plasma as [PH]NE.

Interestingly, Best and Halter (16) have recently
shown that whole body clearance values of epineph-
rine calculated from arterial measurements were 50%
lower than the clearance rates calculated from venous
measurements. The authors concluded that arterial
rather than venous measurements should be used to
estimate catecholamine kinetics in vivo.

Sympathetic nervous activity and release of NE vary
from one tissue to another. Accordingly the plasma
appearance rate and the fractional extraction of NE
should preferably be determined in individual organs
by selective venous blood sampling. In the skin and
muscles sympathetic nervous activity may be deter-
mined by recordings of impulses in the sympathetic
nerves (17). However, because the release of NE may
be modified by presynaptic receptors, it is conceivable
that the ratio between number of bursts in the sym-
pathetic nerves and amounts of NE released from the
nerve terminals may not be identical during all con-
ditions.

The plasma NE concentration was considerably in-
creased in the immediate postoperative period com-
pared with preoperative values. Plasma NE and the
plasma appearance rate of NE increased to approxi-
mately the same extent because the clearance values
were unchanged by surgery. The heart rate increased
significantly whereas the arterial blood pressure was
the same before and after surgery. It is paradoxical
that the arterial blood pressure remained unchanged
postoperatively despite the considerable rise in the
plasma appearance rate of NE. A reduced blood vol-
ume is unlikely to be the sole explanation of the in-
creased plasma NE appearance rate postoperatively
because the blood loss during the operation was min-
imal and replaced by intravenous infusion of saline.
The increase in the plasina appearance rate of NE
postoperatively may to a large extent be mediated by
afferent stimuli from the damaged tissue (18). How-
ever, this mechanism fails to explain the lack of an
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appropriate rise in blood pressure in response to the
increased plasma NE appearance rate.

ACKNOWLEDGMENTS

The authors thank Dr. Benny Adelhgj and Dr. Palle Neu-
mann, Department of Anaesthesiology, Kommunehospitalet,
Copenhagen, for their technical assistance.

This study was supported by the Danish Medical Research
Council grants 12-3165 and 512-20320, the Danish Hospital
Foundation for Medical Research; Region of Copenhagen,
The Faroe Islands and Greenland grant (5/81); and P. Carl
Petersen’s Foundation.

REFERENCES

1. Silverberg, A. B., S. D. Shah, M. W. Haymond, and
P. E. Cryer. 1978. Norepinephrine: hormone and neu-
rotransmitter in man. Am. J. Physiol. 234: E252-256.

2. FitzGerald, G. A., V. Hossmann, C. A. Hamilton, J. L.
Reid, D. S. Davies, and C. T. Dollery. 1979. Interindi-
vidual variation in kinétics of infused norepinephrine.
Clin. Pharmacol. Ther. 26: 669-675.

3. Esler, M., G. Jackman, A. Bobik, D. Kelleher, G. Jen-
nings, P. Leonard, H. Skews, and P. Korner. 1979. De-
termination of norepinephrine apparent release rate and
clearance in humans. Life Sci. 25: 1461-1470.

4. Christensen, N. J. 1982. Sympathetic nervous activity
and age. (Editorial.) Eur. J. Clin. Invest. 12: 91-92.

5. Kopin, 1. J. 1972. Separation and estimation of radio-
actively labeled catecholamines and their metabolites.
In Methods in Investigative and Diagnostic Endocrinol-
ogy. S. A. Berson, editor. North-Holland Publishing
Company, Amsterdam. 489-496.

6. Christensen, N. J. 1973. Plasma noradrenaline and ad-
renaline in patients with thyrotoxicosis and myxedema.
Clin. Sci. (Lond.). 45: 163-171.

7. Christensen, N. J., P. Vestergaard, T. Serensen, and
0. ]J. Rafaelsen. 1980. Cerebrospinal fluid adrenaline and
noradrenaline in depressed patients. Acta Psychiatr.
Scand. 61: 178-182.

8. Nielsen, S. L., N. J. Christensen, N. Olsen, and N. A.
Lassen. 1980. Raynaud’s phenomenon: peripheral cate-

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kinetics of Infused Norepinephrine in Man

cholamine concentration and effect of sympathectomy.
Acta Chir. Scand. 502: 57-62.

. Stjirne, L., L. Kaijser, A. Mathé, and G. Birke. 1975.

Specific and unspecific removal of circulating noradren-
aline in pulmonary and systemic vascular beds in man.
Acta Physiol. Scand. 95: 46-53.

Roth, R. A. 1982. Flow dependence of norepinephrine
extraction by isolated perfused rat lungs. Am. J. Physiol.
242: H844-H848.

Sole, M. J., M. Drobac, L. Schwartz, M. N. Hussain, and
E. F. Vaughan-Neil. 1979. The extraction of circulating
catecholamines by the lungs in normal man and in pa-
tients with pulmonary hypertension. Circulation. 60:
160-163.

Kjeldsen, S. E., 1. Eide, C. Christensen, A. Westheim,
and O. Miiller. 1982. Renal contribution to plasma cat-
echolamines—effect of age. Scand. J. Clin. Lab. Invest.
42: 461-466.

Dubocovich, M. L., and S. Z. Langer. 1976. Influence
of the frequency of nerve stimulation on the metabolism
of *H-norepinephrine released from the perfused cat
spleen: differences observed during and after the period
of stimulation. J. Pharmacol. Exp. Ther. 198: 83-101.
Rorie, D. K., S. M. Muldoon, and G. M. Tyce. 1980.
Disposition of norepinephrine during nerve stimulation
in dog saphenous vein. Am. J. Physiol. 239: H238-H246.
Neff, N. H. 1972. Methods for estimating the in vivo
rate of formation of norepinephrine, dopamine, and se-
rotonin in nerve tissue. In Methods in Investigative and
Diagnostic Endocrinology. S. A. Berson, editor. North-
Holland Publishing Company, Amsterdam. 604-640.
Best, J. D., and J. B. Halter. 1982. Release and clearance
rates of epinephrine in man: importance of arterial mea-
surements. J. Clin. Endocrinol. Metab. 55: 263-268.
Wallin, B. G., G. Sundléf, B.-M. Eriksson, P. Dominiak,
H. Grobecker, and L. E. Lindblad. 1981. Plasma nor-
adrenaline correlates with sympathetic muscle nerve
activity in normotensive man. Acta Physiol. Scand. 111:
69-73.

Kehlet, H., M. R. Brandt, and J. Rem. 1980. Role of
neurogenic stimuli in mediating the endocrine-meta-
bolic response to surgery. J. Parent. Ent. Nutr. 4: 152
157.

505



