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Controlled Hypotension with Adenosine in Cerebral

Aneurysm Surgery

Alf Sollevi, M.D.,* Michael Lagerkranser, M.D.,* Lars Irestedt, M.D.,t
Emeric Gordon, M.D.,t Christer Lindquist, M.D.*

The cardiovascular effects of adenosine-induced controlled hy-
potension were studied in 10 patients undergoing cerebral aneurysm
surgery. Adenosine and its metabolites were measured in arterial
plasma using high-pressure liquid chromatography. Whole body
and cerebral arteriovenous oxygen content differences (AVDO,),
arterial lactate levels, and arteriojugular lactate differences were
determined. In order to reduce the dose requirement of adenosine,
the patients were pretreated with the adenosine uptake inhibitor,
dipyridamole (0.3-0.4 mg + kg™!). During the infusion of adenosine
(0.14 + 0.04 mg-kg' 'min~') the mean arterial blood pressure
decreased by 43%, from 82 to 46 mmHyg, during a mean hypotensive
period of 32 min, without signs of tachyphylaxis. The arterial
adenosine level increased from 0.15 + 0.02 to 2.45 + 0.65 uM (P
< 0.01). Hypotension was caused by a profound decrease in pe-
ripheral vascular resistance (61 * 3%, P < 0.01), which was accom-
panied by an increase in cardiac output (44 + 9%, P < 0.01).
Heart rate increased moderately by 16 * 5% (P < 0.01). Pulmonary
vascular resistance and central venous pressures were unaffected.
Arterial lactate and Pao, were unchanged, while whole body
oxygen consumption was decreased by 13 + 4% (P < 0.05). The
AVDO, across the brain was decreased by 37 = 5% (P < 0.05)
without signs of lactate formation. The authors conclude that
adenosine rapidly induces a stable and easily controlled hypotension
in humans by dilation of arterial resistance vasculature. (Key
words: Anesthetic techniques: adenosine; hypotension. Blood pres-
sure: adenosine; hypotension. Metabolism: lactate; oxygen con-
sumption. Pharmacology: adenosine; dipyridamole.)

DURING the dissection and clipping of cerebral arterial
aneurysms, controlled hypotension often is required to
reduce the aneurysm wall tension in order to minimize
the risk of rupture and bleeding.! Controlled hypotension
also is used to reduce bleeding during other forms of
major surgery. Vasodilators such as sodium nitroprusside
(SNP) and nitroglycerin (TNG) currently are used for
this purpose; SNP may have some drawbacks such as
tachyphylaxis and rebound hypertension,®* while TNG
has a slow onset and unpredictable action.
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Purines, e.g.,, adenosine and adenine nucleotides, are
well-known vasodilators.*® In recent years it has been
demonstrated that adenosine is an important endogenous
vasodilator, involved in the regulation of local flow in
several vascular beds, including the heart,® brain,” and
adipose tissue.® The potential use of purines to achieve
controlled hypotension recently has attracted consider-
able attention. ATP induces an effective and stable
hypotension in rats’ and dogs,'®!' and ATP has been
used for controlled hypotension in humans.'? Us-
ing a quantitative high-pressure liquid chromatography
(HPLC) technique for purine determination, we recently
have demonstrated that ATP (given by the iv route) is
entirely degraded to adenosine and its metabolites during
its transpulmonary passage and that the hypotensive
effect of ATP is related to the arterial adenosine con-
centration.'® Moreover, we recently have shown in the
dog that adenosine-induced hypotension is characterized
by rapid induction and a stable hypotensive blood pres-
sure level, which rapidly was reversed when infusion of
the drug was discontinued.'*

The present investigation therefore was designed to
study the clinical usefulness of adenosine as an agent to
induce controlled hypotension (mean arterial blood
pressure 40-50 mmHg) during dissection and clipping
of cerebral aneurysms. In order to minimize the dose
requirement for adenosine-induced hypotension in this
first clinical study, we pretreated the patients with the
well-known adenosine uptake inhibitor, dipyridamole
(Persantine®),'®

Patients and Methods

Ten patients with no known history of cardiopulmo-
nary diseases (seven men and three women, ages 35-58
years), scheduled for intracerebral aneurysm surgery,
were selected for the study. The investigation was
approved by the Ethical Committee of the Karolinska
Hospital and was performed after obtaining the informed
consent of the patients.

One hour before the operation, the patients were
premedicated orally with diazepam (10-20 mg). Atropine
(0.5 mg) and droperidol (0.1 mg-kg™') were given
intravenously before induction of anesthesia. Induction
was started with thiopental (5 mg-kg™') followed by
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phenoperidine} (1-2 mg). Pancuronium bromide (0.1
mg - kg™") was given to facilitate endotracheal intubation.
Anesthesia was maintained by supplementary doses of
phenoperidine and droperidol, as required. The total
dose of droperidol did not exceed 0.2 mg- kg™ and was
administered within the first 2 h of anesthesia. Pheno-
peridine was supplemented regularly to prevent the
blood pressure from exceeding the preanesthetic level
(approx. 1 mg/30~60 min). Controlled hyperventilation
was employed with a humidified gas mixture of 60%
N2O in Og to maintain Paco, values at approximately
30 mmHg (+1.5 SEM). Mannitol (1-1.5 g-kg™') was
given routinely at the start of the operation {e.g., 1-2 h
prior to the controlled hypotension). The patients were
operated on in the horizontal supine position.

A 1.2-mm plastic cannula was introduced into the
left radial artery to monitor systemic arterial blood
pressure (MABP) and collect arterial blood. A balloon-
tipped, flow-directed, quadruple lumen Swan-Ganz®
catheter (Model 93A-831-7.5 F, VIP) was inserted per-
cutaneously via the left basilic vein, and its correct
position in the pulmonary artery was determined by
pressure tracings. The catheter was used for the moni-
toring of mean right atrial pressure (RAP), mean pul-
monary artery pressure (PAP), and mean pulmonary
capillary wedge pressure (PCWP) for the determination
of cardiac output and collection of mixed venous blood
and for the infusion of adenosine. Another plastic can-
nula was introduced percutaneously, in a retrograde
direction, into the right internal jugular vein, with the
tip placed in the jugular bulb for the collection of blood.
The correct position was verified by x-ray.

The ECG was monitored with a standard chest (V5)
lead. Heart rate was determined from the R-R interval.
Blood pressures were measured by transducers placed
at the midthoracic level. Cardiac output (QT) was de-
termined in triplicate according to the thermodilution
technique with a cardiac output computer (Edwards
Lab, model 9510). Isotonic glucose, 10 ml at 1° C, was
used as-a thermal indicator. The ECG, heart rate, blood
pressures, and thermodilution curves were recorded on
a Grass® polygraph.

Blood gases were measured with appropriate elec-
trodes for pH, Pco,, and Pg, (Radiometer, Copenhagen).
The hemoglobin concentration was determined spectro-
photometrically. Samples for the determination of aden-
osine and its metabolites were collected as described by
Sollevi et al.'® Adenosine and inosine were purified and
analyzed by HPLC as described by Fredholm and Sol-
levi.'s Hypoxanthine, xanthine, and uric acid were an-

1 Synthetic opiate with pharmacodynamics resembling fentanyl
but with a longer duration of action and 1/10 of its analgesic
potency.
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alyzed by HPLC according to the method of Schweins-
berg and Loo.'” Arterial levels of dipyridamole were
determined by HPLC.'® Blood lactate was measured
according to Tfelt-Hansen and Siggard-Andersen.'?

Measurements and blood samplings were performed
immediately before hypotension, as late as possible during
hypotension (1-5 min before terminating the infusion)
and approximately 30 min after the hypotensive period.

Dipyridamole§ (5 mg+ml™') was infused iv (0.3-0.4
mg+kg™! over a period of 5-10 min) approximately 20
min prior to the induction of controlled hypotension.
This dose of dipyridamole produced clinically relevant
drug levels in the plasma (1.2 £ 0.3 pM, SEM)'® during
the hypotensive periods.

Adenosine (5 mM, 1.34 mg-ml"l in isotonic saline)
was administered by continuous infusion (Critikon roller
pump, 2102A,T superior vena cava) for 12-71 min (x
= 33 + 8 SEM.) at a rate of 0.01-0.32 mg - kg™' - min~!
(x = 0.14 = 0.04 SEM, corresponding to 8.0 % 2.7
mg* min~"). The infusion was started at a rate of 0.01
mg+ kg™ - min~!, which was doubled at 15-s intervals
until the desired MABP level of 40-50 mmHg was
reached. The corresponding volume of infused adenosine
solution ranged from 0.5 to 17 ml-min™! (x = 6 + 2
SEM). The mean hypotensive period was 32 * 8 min.
The total adenosine dose did not exceed 1.5 g.

Serum creatinine was determined before and on two
consecutive days after operation. The standard ECG
was recorded the day before and the day after operation.

Systemic vascular resistance (SVR) was derived from

MABP — RAP
the formula SVR (mmHg+ 17!+ min) = —QT_
and pulmonary vascular resistance (PVR) from the for-

la PVR = PAP — PCWP
mula —————QT .

Oxygen content was derived from the formula SOg**
X 1.34 X Hb + PO, X 0.03.2° The arteriovenous oxygen
content difference (AVDOy) was determined and used
to calculate total oxygen consumption (VOg) as the
product of AVDO; and QT.

STATISTICS

Data are presented as means = SEM. The statistical
significance (control 1 vs. adenosine and control 1 wvs.
control 2) was determined by Student’s ¢ test for paired
data. A P value of <0.05 was regarded as significant.

§ Persantine®, commercially available for iv administration in
Europe (Boehringer Ingelheim, Ingelheim, W. Germany).

1 A high-precision roller pump is recommended, since infusion of
adenosine with an intermittently operating pump produces an oscil-
lating blood pressure level.

** SO, = oxygen saturation.
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TABLE 1. Purine Levels (uM) in Arterial Plasma before, during, and after Adenosine-induced Controlled Hypotension in Nine Patients.
After Hypotension
Contral | Hypotension 3-9 Min 20-40 Min

Adenosine 0.15 + 0.02 2.45 + 0.65* 0.24 + 0.06 0.19 £ 0.03

&) 9 (6) O]
Inosine 0.04 = 0.01 3.01 + 1.48* 0.69 * 0.26% 0.29 + 0.15

8 (8) (5) ]
Hypoxanthine 1.94 £ 0.55 6.28 + 2.33 — 3.25 + 1.00

9 9 @)
Xanthine 5.93 + 2,04 6.10 = 1.67 — 5.49 + 1.58

g )] 9
Uric Acid 185.2 + 14.2 198.1 + 22.7 — 199.5 + 28.8

(9) (9) (8)

*P < 0.01, tP < 0.05, denotes significantly different from the
control 1 levels,

Results

The control arterial plasma levels of purines are
shown in Table 1. Adenosine is present in the 1077 M
range during basal conditions. Continuous infusion of
adenosine increased the arterial adenosine level to 2.45
*+ 0.65 uM. The adenosine metabolites inosine and hy-
poxanthine were increased during the infusion, whereas
xanthine and uric acid levels were unaffected. Once the
desired blood pressure level was reached, the infusion
rate could be kept constant throughout the hypotensive
period. After termination of the infusion, the arterial
adenosine levels returned to control values within 3-9
min (table 1). Inosine was eliminated more slowly from
the circulation and remained slightly above basal levels
even 20-40 min after the infusion.

The infusion of dipyridamole decreased MABP by
approximately 10 mmHg in five of the patients. At the
start of the adenosine infusion, MABP was not signifi-
cantly different from the predipyridamole level (82 £ 3
vs. 86 = 3 mmHg). Adenosine induced a decrease in
MABP to 46 mmHg (43 % 3%) within 1-2 min (table

Number of observation in parentheses.

2). The decrease in MABP was caused by a parallel
decrease in both systolic and diastolic pressure. The
MABP was stable throughout the hypotensive period.
Cardiac output increased from 4.9 to 6.9 1-min~' (44
#+ 9%) in parallel with a small increase in heart rate of
9 + 2 beats- min~'. The SVR decreased from 16.7 to
6.2 mmHg- 17!+ min, corresponding to a decrease of
61 * 3%, whereas PVR was unchanged. RAP, PAP, and
PCWP were not influenced by adenosine.

After discontinuation of the infusion, MABP was
restored within 1-5 min. Rebound hypertension did not
occur, although the MABP was persistently approxi-
mately 10 mmHg higher after hypotension than during
the control period. However, the posthypotensive MABP
was not significantly higher than the MABP before
administration of dipyridamole. Heart rate, QT, and
SVR returned rapidly to control levels concurrently
with the restoration of MABP.

Arterial oxygen tension remained unchanged during
adenosine-induced hypotension (table 3). VOg was de-
creased by 13 * 4%, with a decrease in AVDO; of 37
*+ 5%. The arterial lactate concentration was not affected

TABLE 2. Central Hemodynamic variables before, during, and 30 Min after Adenosine-induced Controlled Hypotension in 10 Patients.

Control 1 Adenosine Control 2
Systolic blood pressure (mmHg) 115+ 6 78 * 6* 130 + 7t
Diastolic blood pressure (nmHg) 61 =3 34 + 2% 71 % 3%
Mean arterial blood pressure (mmHg) 82+ 3 46 + 2% 91 * 47
Right atrial pressure (mmHg) 6.8 = 1.1 7.2%£07 5.6 £ 0.8
Pulmonary artery pressure (mmHg) 144 = 1.0 16.5 + 0.9 147 £ 1.4
Pulmonary capillary wedge pressure (mmHg) 9.6 = 1.1 1.0 £ 1.0 9.9 = 1.4
Heart rate (beats min™") 54 £ 2 63 & 3* 58 £ 3
Cardiac output (1+min™") 4,93 + 0.5] 6.86 = 0.71* 5,17 £ 0.54
Systemic vascular resistance (mmHg+ 17"+ min) 16.65 + 1.95 6.22 + 0.60%* 17.70 = 1.72
Pulmonary vascular resistance (mmHg+ 17!+ min) 0.97 = 0.15 0.82 + 0.08 0.97 £ 0.15

* P <0.01, +P < 0.05, denotes significantly different from control 1.

20z ludy 01 uo 3sanb Aq ypd°20000-00001 86 1-Z¥S0000/€01L60E/00¥/1/1 9/3pd-01on1e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Anesthesiology
V 61, No 4, Oct 1984

ADENOSINE AND CONTROLLED HYPOTENSION 403

TABLE 3. Total Arleriovepous Oxygen Content Difference (AVD,0y), Jugular Arteriovenous Oxygen Content Difference (AVD;O,), Total
Oxygen Consumption (V1Oy), Arterial Oxygen Tension (Pag,), Arterial Lactate Concentration (La) and Jugular Arteriovenous Lactate
Content Differences (AVDjLa) before, during, and after Adenosine-induced Hypotension in Nine Patients.

Control 1 Adenosine Control 2
AVD;0O, (ml- 17} 46.3 + 2.3 29.3 + 2.5% 46.8 + 3.2
AVDO; (ml-17") 85.2 = 10.5 58.1 + 14.17 74.9 + 7.7
V4O, (ml+ min™!) 220 = 15 193 + 167 235 *+'16
Pag, (mmHg) 111.0 + 9.8 97.5 + 9.0 93.0 £ 5.2
La (mmol-17") 1.46 = 0.17 1.73 * 0.20 1.82 + 0.201
AVDjLa (mmol - 17 0.02 + 0.04 —0.05 * 0.05 —0.06 + 0.04

*P <0.01, § = P < 0.05, denotes significantly different from control 1.

by hypotension. The cerebral AVDO; decreased similarly
by 37 £ 13%, while the arterio-jugular lactate content
difference was unaltered.

After the hypotensive period, the metabolic variables
returned to the control levels, except for a minor
increase in the arterial lactate concentration.

The ECG the day after operation was unchanged.
The mean serum creatinine level was 83 = 4 uM before
operation and 70 = 3 and 71 + 4 uM on the first 2
postoperative days. '

Discussion

The present study demonstrates that adenosine can
be used to induce controlled hypotension in humans,
Adenosine-induced hypotension is characterized by a
rapidly achieved and stable level of hypotension that is
rapidly reversible upon discontinuation. The latter phe-
nomenon probably is related to the short plasma half-
life of adenosine (10-20 s).'® Fukunaga et al.'? reported
similar properties when using ATP for controlled hy-
potension in humans. Since all ATP is degraded to
adenosine in the circulation before reaching the arterial
vascular bed in the dog,'® it seems reasonable to assume
that ATP-induced hypotension is mediated, in fact, by
its metabolite adenosine. The vasodilator effect of aden-
osine in the present study was reversible within a few
minutes after termination of the infusion and paralleled
the return to basal plasma levels of the substance. After
approximately 30 min, plasma purine metabolites had
returned toward basal levels. By contrast, ATP admin-
istration is associated with considerable phosphate for-
mation during degradation of the compound in the
blood stream. High levels of phosphate may cause ar-
rhythmias secondary to chelation of magnesium and
calcium.?! Therefore, we consider it more appropriate
to use adenosine in preference to ATP to induce con-
trolled hypotension. Pretreatment with the adenosine
uptake inhibitor, dipyridamole, potentiates the vasodi-
lator effect of adenosine in dogs.'*** Dipyridamole

therefore was used in the clinical study to reduce the
infusion rates of adenosine. Nevertheless, two patients
required as much as 10 mi-kg™' +h™' of the 5 mM
adenosine solution. These high infusion rates can be
avoided, however, by using a 20 mM solutlon Tt

The adenosine-induced hypotension was achieved at
low micromolar arterial plasma concentrations. The
effect was entirely due to a sharp decrease in SVR,
while QT increased by 40%. This is similar to the effect
in the dog,'* the reaction probably being mediated by
adenosine receptors located on the smooth muscle of
the resistance vasculature.®® Adenosine, in a similar
concentration range as in this study, caused relaxation
of isolated arteries in wvitro,®* and small increases in
plasma adenosine (less than micromolar concentrations)
have clear-cut vasodilatory effects in the canme myocar-
dium?® and subcutaneous adipose tissue.®

The enhanced cardiac output, in combination with
maintained right and left heart filling pressures, is in
contrast with the hemodynamic effects of controlled
hypotension with SNP and TNG noted in our earlier
clinical studies (table 4). The lack of effect on venous
pressure suggests a minimal effect on the venous vascular
bed, such that venous return and ventricular filling
pressures are unaffected, This is similar to the effect
observed in the dog.'* The limited effect of adenosine
on venous vascular tone may be due to the rapid
degradatlon of adenosine and/or a less adenosine- sen-
sitive venous vascular bed, as discussed previously.'*

The adenosine infusion rate was constant during the
hypotension, which suggests ¢ the absence of tachyphylaxns
Adenosine inhibits renin release in the kidney®® and
adenosine-induced hypotenswn in the dog prevents ele-
vation of circulating plasma renin actlvny,M thereby

17+ Since completing the study on this series of patients, we have
performed another 20 cases of controlled hypotension using the 20
mM solution without pretreatment with dipyridamole. The hemody-
namic effects are similar to those described by the above data, but
higher doses of adenosine are required (0.2-0.3 mg-kg™' : min™!),
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TasLE 4. Hemodynamic Effects of Adenosine-, SNP- (from
Lagerkranser et al.?%), and TNG- (from Lagerkranser®’) Induced
Controlled Hypotension during Cerebral Aneurysm Surgery
with Similar Anesthetic Techniques (Data Presented as
Per Cent from Control)

Adenasine SNP TNG

n=10 n=17 n =20

MABP —~43% —36* —36*

RAP +6 —39%* —45%*

PAP +15 —27% —34*

PCWP +14 —44* —45%

HR +9%* +22% +19*

QT +44% —15%* —24*

SVR —61%* —29% —16*
PVR -15 +11 +12

*P <0.01.

reducing the risk of tachyphylaxis, which most probably
involves the activation of the renin-angiotensin system.?

The increase in cardiac output occurred in parallel
with a decrease in AVDQO,. The decrease in AVDO»
was caused both by the increase in cardiac output and
a 13% decrease in whole body oxygen consumption.
This previously has been reported in dogs'"*" and
suggests that adenosine may inhibit metabolic demands
in various tissues. Regional administration of adenosine
inhibits energy-consuming processes, such as gastroin-
testinal motility*' and catecholamine-stimulated lipolysis*?
as well as myocardial metabolism®® in the dog. Further-
more, adenosine administration caused a pronounced
decrease in SVR, implying a corresponding decrease in
left ventricular afterload and thereby diminished cardiac
work and myocardial oxygen demand. Thus, adenosine
may decrease oxygen consumption in certain tissues
during periods of reduced perfusion pressure. The
unaffected arterial lactate level during hypotension fur-
ther indicates that organ perfusion was adequate. The
small posthypotensive increase in arterial lactate levels
probably is related to the effect of prolonged hyperven-
tilation on systemic lactate levels.*

There was also a decrease in the cerebral AVDO,
(37%) without any evidence of lactate production during
the hypotension, again implying an adequate supply of
oxygen to the brain. Since cerebral blood flow was not
measured, we cannot differentiate between an increase
in blood flow and/or a decrease in cerebral oxygen
consumption,

Although adenosine may decrease the glomerular
filtration rate,? there were no gross signs of impaired
kidney function in any patient as judged by the postop-
erative serum creatinine levels.

This investigation demonstrates that adenosine is ef-
fective in inducing controlled hypotension in humans.
The rapidity of onset and termination, stability of action,
maintenance of cardiac output, and decrease in oxygen
demand differentiate adenosine from other hypotensive

Anesthesiology
V 61, No 4, Oct 1984

agents. These excellent properties justify further clinical
investigation.

The authors thank Professor B. B, Fredholm for valuable discussions
and criticism and Mrs, Karin Lindstrém for excellent technical
assistance.
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