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SUMMARY

1. Nine subjects performed dynamic knee extension by voluntary muscle
contractions and by evoked contractions with and without epidural anaesthesia.
Four exercise bouts of O min each were performed: three of one-legged knee
extension (10, 20 and 30 W) and one of two-legged knee extension at 2 x 20 W.
Epidural anaesthesia was induced with 0-5% bupivacaine or 2% lidocaine. Presence
of neural blockade was verified by cutaneous sensory anaesthesia below T8-T10 and
complete paralysis of both legs.

2. Compared to voluntary exercise, control electrically induced exercise resulted
in normal or enhanced cardiovascular, metabolic and ventilatory responses.
However, during epidural anaesthesia the increase in blood pressure with exercise
was abolished. Furthermore, the increases in heart rate, cardiac output and leg blood
flow were reduced. In contrast, plasma catecholamines, leg glucose uptake and leg
lactate release, arterial carbon dioxide tension and pulmonary ventilation were not
affected. Arterial and venous plasma potassium concentrations became elevated but
leg potassium release was not increased.

3. The results conform to the idea that a reflex originating in contracting muscle
is essential for the normal blood pressure response to dynamic exercise, and that
other neural, humoral and haemodynamic mechanisms cannot govern this response.
However, control mechanisms other than central command and the exercise pressor
reflex can influence heart rate, cardiac output, muscle blood flow and ventilation
during dynamic exercise in man.

INTRODUCTION

During dynamic exercise cardiovascular responses and ventilation increase with
the intensity of exercise. Evidence supports the concept that two neural mechanisms

* Present address: Harry S. Moss Heart Centre, University of Texas, Southwestern Medical
Centre, 5323 Harry Hines Blvd, Dallas, TX 75235-9034, USA.
MS 1693

23 PHY 470



S. STRANGE AND OTHERS

play a role in these responses. In one mechanism the neural activity responsible for
the recruitment of motor units also activates the cardiovascular and respiratory
control areas in the medulla and this has been termed central command (Johnasson,
1895; Krogh & Lindhard, 1917; Mitchell & Schmidt, 1983). In the other mechanism,
the neural activity caused by stimulation of mechano- and/or metaboreceptors in the
contracting skeletal muscles activates these same control areas and this has been
called the exercise pressor reflex (Alam & Smirk, 1937; Mitchell, Kaufman &
Iwamoto, 1983). There appears to be redundancy between these two mechanisms and
neural occlusion may be operative (Rybicki, Stremel, Iwamoto, Mitchell & Kaufman,
1989). However, during dynamic exercise the cardiovascular responses and
ventilation may be regulated by other neural, humoral and haemodynamic
mechanisms (Adams, Frankel, Garlick, Guz, Murphy & Semple, 1984).
We investigated cardiovascular, metabolic and ventilatory responses during

dynamic exercise when both central command and the exercise pressor reflex were
operative (voluntary exercise); when only the exercise pressor reflex was operative
(electrically induced exercise) and when neither central command nor the exercise
pressor reflex were operative (electrically induced exercise during complete epidural
anaesthesia). This design allowed an assessment of the relative roles of central
command and the exercise pressor reflex in determining cardiovascular and
ventilatory responses to dynamic exercise. The effect of other neural, humoral and
haemodynamic mechanisms were also evaluated when central command and the
exercise pressor reflex were inoperative. A preliminary report of these findings has
been presented (Strange et al. 1992).

METHODS

After informed consent twelve male subjects performed voluntary and electrically induced
exercise in pilot experiments without catheters, but including placement of an arterial cuff on the
lower leg. In no subject did the. arterial cuff cause significant pain. However, in three subjects
evoked exercise caused severe discomfort. Thus nine subjects, aged 21-32 years who tolerated
evoked contractions well volunteered for the study which was approved by the Copenhagen and
Karolinska ethical committees.
On the day of the main study, subjects came to the laboratory at 08.00 h and at least 2 h after

a light breakfast catheters were inserted. After 30 min of rest, dynamic knee extension was
performed with one or two legs on a modified electrically braked Krogh cycle ergometer (Andersen
& Saltin, 1985). The subjects were placed with the upper body horizontal. A rod attached to the
ankle and the crank of the ergometer was used to transfer movement of the lower leg to the cycle.
The work rate was controlled by a weight balance system. Dynamic exercise was performed at a
rate of sixty contractions per minute, with one contraction causing the lower leg to move from
approximately 90 to 160 deg knee extension. After each contraction the flywheel momentum
helped return the lower leg to the 90 deg starting position. An arterial cuff was placed just below
the knee in order to insure that leg blood flow was representative of supply to the active muscles.

Voluntary muscle contractiona
Subjects performed dynamic knee extensions for 4 x 10 min at an intensity of 10, 20, 30 W (one

leg) and 2 x 20W (two legs), with at least 10 min of rest between 30W and 2 x 20 W. Pulmonary
oxygen uptake was determined after 3 min of exercise at each work rate. Leg blood flow was
measured twice at each exercise intensity. Between the two flow measurements, blood samples were
taken simultaneously from the femoral artery and vein, and cardiac output was measured during
the last 2 min of exercise.
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Evoked muscle contractions
Knee extension was induced by muscle stimulation and subjects were instructed not to influence

the evoked contractions. Otherwise the procedures were identical to those applied in the first part
of the study. Dynamic knee extension was induced by a computer-controlled apparatus consisting
of an arbitrary wave form generator (Kronhite 5920, USA) connected to an isolated battery
powered amplifier (NASA, Biomedical Engineering, USA). Tenzcare (3M, USA) 76 x 114 mm
electrodes were placed over vastus medialis just above the knee and proximally over vastus
lateralis. A microswitch on the crank of the ergometer was activated when the pedal arm passed
the horizontal position and triggered stimulation of the muscles. To induce contractions, a 50 Hz
pulse train was applied with variable amplitude and duration (< 320 ms). A biphasic sine wave
pulse shape was used because it delivers no net charge to the subject. It appeared that 0 5 ms was
the optimal pulse width, because it induced sufficient contractions with minimal skin affection. The
pulse amplitude was adjusted manually to maintain a kicking frequency of approximately 1 Hz.
By a feedback loop from the Krogh cycle to the computer, the stimulus duration was
automatically adjusted if the frequency changed.

Evoked muscle contractions and epidural anaesthesia
Epidural anaesthesia was induced, and the procedure from the second part of the study was

repeated. Depending on the duration of the study, anaesthesia was maintained by a total dose of
25-50 ml 2% lidocaine (two subjects) or 0-5% bupivacaine (seven subjects) through a L3-L4
catheter. For the anaesthetic to become active 20-30 min was allowed. Presence of neural blockade
was verified by cutaneous anaesthesia below T8-T10 and complete motor paralysis of both legs in
all subjects. Full motor control of the legs was regained within 10 h of the last injection.

Measurements and calculations
Blood pressure was measured via a 20-gauge (1-0 mm) catheter inserted percutaneously into the

right femoral artery and was recorded continuously from a Statham P23XL (USA) transducer
placed at heart level. Mean arterial pressure was determined from the electronically filtered (1 Hz)
pulsatile pressure (Simonsen & Weel Press 8041, Copenhagen, Denmark) and heart rate was
derived from an electrocardiogram.

Cardiac output was determined by dye dilution (Dow, 1956). Five milligrams of indocyanine
green (Cardio-Green, Becton & Dickinson, USA) in 2 ml of sterile water was injected via a centrally
placed catheter inserted from a left cubital vein. Arterial blood was withdrawn at a rate of
20 ml min-' (Harvard, model 2202A, USA). A densitometer cuvette (Waters Instruments, DC-410,
USA) was placed between the catheter and the pump and connected to a cardiac output computer
(Waters Instruments, CO-10, USA). The dye dilution curves were recorded on a Gould TA-2000
thermal array recorder, and withdrawn blood was reinfused. Calibration was performed after the
experiment using blood samples with dye concentrations of 2-5 and 5 mg 1-l, respectively. Systemic
vascular conductance was taken as the ratio of cardiac output to mean arterial pressure.
Leg blood flow was determined by the constant infusion thermodilution technique (Andersen &

Saltin, 1985). A 12 cm Teflon 13-gauge (2-3 mm) catheter was inserted percutaneously in the right
femoral vein with the tip advanced to a location approximately 2 cm above the inguinal ligament.
A thermistor probe (Edslab probe 94-030-2-5F, USA) was inserted through the venous catheter and
advanced 6-8 cm proximal to the catheter tip. Through four side holes, ice-cold saline was infused
at a rate of 113 ml min-' for 15-16 s. Temperature was recorded continuously by an Edslab Cardiac
Output Computer 9520 (USA).
Leg vascular conductance was calculated as the average of the two leg blood flows divided by

accompanying mean arterial pressure. Leg oxygen and glucose uptakes, as well as lactate and
potassium releases were assessed from the average of the two flows and a single determination of
arterial and femoral venous concentrations.
Haemoglobin content and oxygen saturation were measured on an OSM II Hemoxymeter

(Radiometer, Copenhagen, Denmark). Blood oxygen and carbon dioxide tensions were determined
on an ABL 30 analyzer (Radiometer) and plasma potassium on a Perkin-Elmer 372 atomic
absorption spetrophotometer (Norwalk, CT, USA). Plasma lactate was assessed by a Yellow
Springs Analyzer 23L (USA). Plasma adrenaline and noradrenaline were measured by high-
performance liquid chromatography (Da Prada & Ziircher, 1976). Expired air was sampled in

23-2
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Douglas bags and analysed for volume with a Tissot spirometer and for oxygen and carbon dioxide
content by paramagnetic (Servomex) and infrared (Beckman LBL-II) apparatus, respectively.

Values in the text are means+ S.E.M. for rest and the average exercise response for all work rates
except when otherwise stated. Friedman's two-way analysis of variance by rank was used to
evaluate differences between the three experiments (Siegel & Castellan, 1988) and if proven
significant, deviating results were located by Wilcoxon's signed ranks test. The level of significance
was set to 005.

RESULTS

Blood pressure, heart rate and cardiac output
Rest
Mean arterial pressure was 96+ 3 mmHg, and heart rate was 66 + 4 beats min-'

before voluntary exercise, and these values were not significantly different before
electrically induced exercise with or without epidural anaesthesia. Before and during
epidural anaesthesia cardiac output (6-8 + 0-4 and 78+ 061 min-') and systemic
vascular conductance (73 + 5 and 85 + 8 ml min-' mmHg-') were similar (Fig. 1).

Exercise
Mean arterial pressure increased more during electrically induced exercise (to

112+4 mmHg) than during voluntary exercise (to 103+5 mmHg; P < 001).
However, during epidural anaesthesia the blood pressure response was absent at all
exercise intensities (average value 89 + 5 mmHg). Heart rate and cardiac output
were lower during electrically induced exercise with epidural anaesthesia (85 + 5
beats min-1 and 12 +1 min-1, respectively) than during control evoked exercise
(91 + 5 beats min-1 and 13+11 min-1; P < 0-05). Systemic vascular conductance was
similar during the three exercise protocols.

Leg blood flow and oxygen uptake
Leg blood flow was not measured during rest. During control electrically induced

exercise it increased more (to 3-1+0-1 I min-1) than during voluntary exercise (to
2-3+ 0 3 1 min-';P < 0 01) and electrically induced exercise with epidural anaesthesia
(2-6 + 0 1 min-1; P < 0-01). During two-legged exercise (at 2 x 20 W), leg blood flow
for one leg corresponded to the value obtained during one-legged exercise at 20 W.
Compared to voluntary exercise (23 + 2 ml min-' mmHg-'), leg vascular conductance
increased more during electrically induced exercise (to 29±1 ml min-' mmHg-1;
P < 0 05), both with and without epidural anaesthesia.
Leg oxygen uptake increased linearly with work rate during all three experiments

and was higher during electrically induced exercise (320+ 18 ml min-1) compared to
voluntary exercise (271 + 21 ml min-1; P <0-05) and exercise with epidural an-
aesthesia. During voluntary exercise and exercise with epidural anaesthesia, leg
oxygen uptake was the same (Fig. 2).

Leg glucose uptake and lactate release
Leg glucose uptake was higher during electrical muscle stimulation with and

without epidural anaesthesia than during voluntary exercise. During voluntary
exercise blood lactate did not increase, while during evoked exercise with or without
epidural anaesthesia a small increase was noted and lactate was released from the leg.
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Fig. 1. Mean arterial pressure, heart rate, cardiac output and systemic vascular
conductance at rest and during increased work rates. Work rates of 10, 20 and 30 W
performed with one leg and 2 x 20W performed with two legs. Values are means + S.E.M.
(n = 9) during voluntary dynamic exercise (0), electrically induced dynamic exercise (V)
and with electrically induced dynamic exercise with epidural anaesthesia (-).
* Difference between voluntary and control electrically induced exercise. ** Difference
between electrically induced exercise with and without epidural anaesthesia.

However, during 2 x 20 W exercise no lactate was released from the leg. Also arterial
pH and bicarbonate remained at the resting levels during voluntary exercise, while
they decreased during electrically induced exercise with and without epidural
anaesthesia (Table 1).
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Arterial oxygen tension increased during control electrically induced exercise.
Femoral venous oxygen tension decreased during exercise. Arterial carbon dioxide
tension decreased during evoked exercise with and without epidural anaesthesia,
while the femoral venous values increased similarly during all types of exercise.
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Fig. 2. Leg blood flow, leg vascular conductance and leg oxygen uptake (VO2) at
increased work rates in watts. Symbols same as in Fig. 1.

Plasma potassium increased during all three types of exercise and was highest
during electrically induced exercise with epidural anaesthesia. Thus, leg potassium
release was larger during both types of evoked exercise. Plasma catecholamine levels
did not change significantly.

Ventilation and oxygen uptake
Resting ventilation and pulmonary oxygen uptake were similar before voluntary

and electrically induced exercise. During voluntary exercise ventilation increased
linearly with the work intensity to a maximal value of 31 + 51 min-' and there was
no significant difference between the three exercise protocols. Pulmonary oxygen
uptake was also similar. The largest oxygen uptake was 1-04+ 0-06 1 min-' (Table 1).
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DISCUSSION

This study demonstrated the importance of the exercise pressor reflex for the
normal blood pressure response to dynamic exercise with a large muscle group in
man. Epidural anaesthesia, which caused a profound sensory loss and complete
motor paralysis of the legs, abolished the normal increase in blood pressure during

TABLE 1. Ventilation and cardiovascular responses
Electrically induced exercise

Ventilation (1 min-')
Pulmonary VO (102 min-')
[Glucose]. (mmol 1-1)
[Glucose], (mmol 1-1)
Leg glucose uptake (mmol min-")
[Lactate]. (mmol 1-l)
[Lactate]v (mmol 1-1)
Leg lactate release (mmol min-")
PHa
pH,
[HCO3-]a (mmol 1-')
[HCO,-], (mmol l-l)
Arterial Po0 (mmHg)
Venous PO2 (mmHg)
Arterial Pco2 (mmHg)
Venous Pco (mmHg)
[K+], (mmoQ 1-1)
[K+], (mmol l-l)
Leg K+ release (mmol min-')
[Noradrenaline]. (nmol 1-1)
[Noradrenaline], (nmol 1-l)
[Adrenaline]a (nmol 1-1)
[Adrenaline]v (nmol 1-l)

Voluntary
Rest exercise

10411+2 197 +1.9*
0)36+ 002 070±005*
5 3+0 3 4.7+0.1*
5-0+0-3 4-5+041

0-4+0-1
0-5+0-03 0-6+0-1
0-5+0-04 0-7+041

0-3+0-09
7-39+0-00 7*39+0-00
7T36+0 01 7-31 +0.01*
24-6+0-8 24-4 +0-8
26-5+0-8 286 + 0-7*
101+2 100+2
37+2 24+1*
42+1 41+1
48+2 58+2*
3*8+0'1 4.0+0.1*
3 9+0*1 4.2+0.1*

0-2+0-1
D*71 +0*06 1-12+0-12
D)77 + 0-06 1-06+0'12
)-65 +0*22 0-71+0-16
)@22 0-05 0-55+0-16

Control
21-4+ 1-6*
0 73 + 0.04*

047±01t
2-1 0l1*t
2-8± 0.2*t
2-1 +0-4t

7.37 +°000*t
7-27 +0.01*t
22-4 +0.5*t
26-2 +0-4t
108+ 1*t
29+ l*t
39+1*t
59+ 2*
4.3+0.1*t
4.6+0.1*t
07±02t
1'30+0-06
1-24+0-12
0-98 +0-38
0-87 +0-32

Epidural
anaesthesia

19-4+ 2.0*
0-73± 0.05*
4-1 +0-1*t
3-8 +0-2*tt
0-8±04t
1'7±0-2*t
2-3±+02*t
2-0+0-3t

7-36 + 0.01*t
7-26 + 0-01*t
21-9+ 0.7*tj
26-0± 0'6t
102+1i
25± 2*
4011*t
60+ 2*
4.5 +01*t$
4.9+0.1*tT
1-0±0'2t

1P00+0-18
0.95+0418
0-71 +022
0 55+0-16

* Different from rest, P < 0 05. t Different from voluntary exercise, P < 0 05. $ Different from
control electrically induced exercise, P < 0-05. a, arterial; v, venous sample.

dynamic leg exercise. This is in accordance with the findings by Kjar, Secher, Bach,
Sheikh & Galbo (1989); Fernandes, Galbo, Kjaer, Mitchell, Secher & Thomas (1990)
and Hanel, Worm, Secher, Perko & Kjaer (1992) of a reduced blood pressure response
to voluntary dynamic leg exercise during epidural anaesthesia with 025%
bupivacaine. Friedman et al. (1993) found no effect on the cardiovascular responses
to dynamic exercise during epidural anaesthesia with 1% lidocaine. Together these
findings demonstrate a dose-dependent attenuation of the blood pressure response to
dynamic exercise with epidural anaesthesia. This may be interpreted to mean that
blockade of the group III and/or IV muscle afferents needs to be almost complete in
order to abolish the blood pressure response to dynamic exercise (Wilson, Wall,
Matskawa & Mitchell, 1991).
Blood pressure, leg blood flow, oxygen and glucose uptakes and lactate release

were larger during control evoked exercise than during voluntary exercise. However,
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heart rate, cardiac output and ventilation were similar. These findings are in
accordance with those of Krogh & Lindhard (1917); Asmussen, Nielsen & Wieth-
Pedersen (1943); Adams, Garlick, Guz, Murphy & Semple (1984) and Adams, Guz,
Innes & Murphy (1987). One concern is that evoked contractions are associated with
direct stimulation of muscle afferents unrelated to the muscle contractions. However,
in humans evoked contraction during partial neuromuscular blockade is associated
with reduced heart rate and blood pressure responses (Iwamoto, Mitchell, Mizuno &
Secher, 1987). Accordingly, in animal preparations the exercise pressor reflex is
eliminated by neuromusclar blockade (Iwamoto et al. 1987; McMahon, McWilliam &
Kaye, 1993).
A central role for reflex control of the circulation during dynamic exercise is

demonstrated by the finding that blood pressure and heart rate are dominated by the
absolute level of muscle activity. This is shown during dynamic exercise with partial
neuromuscular blockade, when an increased effort at a given oxygen uptake does not
significantly influence heart rate and blood pressure (Galbo, Kjaer & Secher, 1987).

Also in agreement with the view that a reflex neural mechanism dominates the
cardiovascular responses to dynamic exercise is the finding that occlusion of blood
supply to muscle after exercise results in maintained blood pressure and, less
consistently, heart rate (Alam & Smirk, 1937, 1938; Rowell, Hermansen & Blackmon,
1976; Freund, Rowell, Murphy, Hobbs & Butler, 1979; Fernandes et al. 1990).
However, when blood pressure is maintained during postexercise muscle ischaemia,
this effect is caused by a decrease in peripheral vascular conductance with rapidly
decreasing cardiac output (Bonde-Petersen et al. 1978; Friedman et al. 1993). In
contrast, during exercise blood pressure is elevated because cardiac output increases
'more' than peripheral conductance. Yet, a central finding from experiments with
epidural anaesthesia is that when the pressor response to postexercise muscle
ischaemia is affected, the blood pressure response to exercise is reduced (Fernandes
et al. 1990). Conversely, when epidural anaesthesia does not affect the pressor

response to postexercise muscle ischaemia, the pressor response to exercise is not
diminished (Friedman et al. 1993).
A central neural mechanism for regulation of heart rate during dynamic exercise

has been demonstrated only after training (Klausen, Secher, Clausen, Hartling &
Trap-Jensen, 1982). When smaller muscle groups are activated as during one-legged
exercise (Saltin, 1986; Innes, De Cort, Evans & Guz, 1992) and handgrip exercise
(J0rgensen, Perko, Payne & Secher, 1993), central neural mechanisms may play an

additional role.
The fact that central command is not required for the cardiovascular responses to

dynamic exercise with large muscle groups is in contrast to what has been
demonstrated during static leg exercise. During static exercise with neuromuscular
blockade, the blood pressure and heart rate responses are enhanced (Leonard,
Mitchell, Mizuno, Rube, Saltin & Secher, 1985; Victor, Pryor, Secher & Mitchell,
1989) and with a high level of partial curarization resulting in almost no force, the
greatest responses are developed (Mitchell, Reeves, Rogers, Secher & Victor, 1989).
Accordingly, after static exercise an arterial cuff does not maintain the exercise blood
pressure (Leonard et al. 1985; Bull, Davies, Lind & White, 1989; Mitchell, Reeves,
Rogers & Secher, 1989; Kjaer, Secher, Bach, Galbo, Reeves & Mitchell, 1991).
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The heart rate and cardiac output responses to dynamic leg exercise were only
minimally affected by epidural anaesthesia. This could be due to baroreceptor
mechanisms adjusting cardiac output to match the increased peripheral vascular
conductance associated with muscle vasodilatation. Accordingly, Kjaer et al. (1989),
Fernandes et al. (1990) and Hanel et al. (1992), who also demonstrated a reduced
blood pressure response to dynamic exercise during epidural anaesthesia, found no
effect on the heart rate response. Thus, the lower blood pressure during electrically
induced exercise with epidural anaesthesia would be expected to cause less
baroreceptor inhibition (McMahon et al. 1993). Due to the possible interference of
baroreceptor mechanisms, these types of experiments do not allow us to conclude
that feedback from muscles is without importance for the heart rate response to
dynamic exercise. It may be speculated that the muscle pump in the legs forms the
primary motor to the circulation during electrically induced exercise, and that
cardiac output becomes elevated following a Frank-Starling mechanism in response
to an increased preload.
Blood flow to the exercising legs was reduced during epidural anaesthesia at all

levels of exercise. This reduction was due only to the lower perfusion pressure, as the
vascular conductance in the leg was unaffected. It is likely that the degree of epidural
anaesthesia used in this experiment will block the sympathetic nerve activity to the
legs (Lundin, Wallin & Elam, 1989; R0rdam, Jensen, Schroeder, Lorentzen & Secher,
1993). This is in contrast to the studies by Kjaer et al. (1989), Fernandes et al. (1990)
and Hanel et al. (1992) in which the sympathetic activity was probably not blocked
because epidural anaesthesia extended only to the inguinal ligament. In this study
plasma catecholamine levels were low and not significantly affected by epidural
anaesthesia. Also, the fact that vascular conductance in the legs was unaffected by
epidural anaesthesia indicates that sympathetic nerve activity to the legs does not
control muscle vascular conductance during these levels of exercise. In addition, the
lack of an increase in blood pressure during exercise with epidural anaesthesia was
not due to a greater blood flow to the exercising muscle. It could also be speculated
that the absence of a blood pressure response to exercise with epidural anaesthesia
was a result of inability to reduce the splanchnic circulation. However, with the
relatively modest increase in heart rate we established during exercise, the reduction
in splanchnic blood flow would only be approximately 10% (Clausen & Trap-Jensen,
1974).
Compared to voluntary exercise, leg glucose uptake tended to be higher during

electrical muscle stimulation with and without epidural anaesthesia. Arterial lactate
levels and lactate release from the leg were also higher during electrical muscle
stimulation despite a larger blood flow. This probably reflects a different pattern of
muscle fibre recruitment and/or involvement of muscles. When exercise was
performed with a large muscle mass, lactate was not released from the leg (Secher,
Clausen, Klausen, Noer & Trap-Jensen, 1977; Richter, Kiens, Hargreaves & Kjoer,
1992).
A normal ventilatory response to dynamic exercise occurred, when the central and

reflex neural mechanisms were not operative. Similar findings were obtained with
voluntary exercise during epidural anaesthesia with 0-25% bupivacaine (Kjaeer et al.
1989; Fernandes et al. 1990; Hanel et at. 1992). Yet, intense 'activation' of central
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command increases ventilation as demonstrated during exercise with partial
neuromuscular blockade (Ochwadt, Biicherl, Kreuzer & Loeschke, 1959; Asmussen,
Johansen, J0rgensen & Nielsen, 1965; Galbo et al. 1987). With this approach it
should be noted that although ventilation, at any oxygen uptake, is larger during
partial curarization, it decreases with work rate during increasing levels of
neuromuscular blockade (Galbo et al. 1987). Accordingly, in patients with spinal cord
injury, electrically induced exercise results in the normal ventilatory response
(Adams et al. 1984). Humoral mechanisms, such as carbon dioxide and potassium
(McCoy & Hargreaves, 1992), may dominate ventilation during dynamic exercise
and other mechanisms have only a modulating influence. In this study the effect of
a decrease in carbon dioxide tension during evoked contractions may have been
outbalanced by an increase in plasma potassium and a decrease in pH.
While a normal or elevated blood pressure response occurs during electrically

induced exercise (central command not operative), blood pressure does not increase
during electrically induced exercise with epidural anaesthesia (central command and
the exercise pressor reflex not operative). Thus, the exercise pressor reflex is essential
for the normal blood pressure response to dynamic exercise and other neural,
humoral and haemodynamic mechanisms cannot govern this response. However,
control mechanisms other than central command and the exercise pressor reflex can
influence heart rate, cardiac output, muscle blood flow and ventilation during
dynamic exercise in man.

This work was supported by the National Aeronautics and Space Administration, USA; the
Swedish Medical Research Council; the Lawson and Rogers Lacy Research Fund in Cardiovascular
Diseases and by LaCours Foundation. S. Strange was supported by the Danish Medical Research
Council and the Medical Faculty, University of Copenhagen. We thank Karin Juel Hansen, Merete
Vannby and Ingelise Kring for expert technical assistance.

REFERENCES

ADAMS, L., FRANKEL, H., GARLICK, J., Guz, A., MuRPHY, K. & SEMPLE, S. J. G. (1984). The role
of spinal cord transmission in the ventilatory response to exercise in man. Journal of Physiology
355, 85-97.

ADAMS, L., GARLICK, J., Guz, A., MURPHY, K. & SEMPLE, S. J. G. (1984). Is the voluntary control
of exercise in man necessary for the ventilatory response? Journal of Physiology 355, 71-83.

ADAMS, L., Guz, A., INNES, J. A. & MURPHY, K. (1987). The early circulatory and ventilatory
response to voluntary and electrically induced exercise in man. Journal ofPhysiology 383, 19-30.

ALAM, M. & SMIRK, F. H. (1937). Observations in man upon a pulse-accelerating reflex arising from
the voluntary muscles of the legs. Journal of Physiology 92, 167-177.

ALAM, M. & SMIRK, F. H. (1938). Observations in man upon a blood pressure raising reflex arising
from the voluntary muscle. Journal of Physiology 89, 372-383.

ANDERSEN, P. & SALTIN, B. (1985). Maximal perfusion of skeletal muscle in man. Journal of
Physiology 366, 233-249.

ASMUSSEN, E., JOHANSEN, S. H., J0RGENSEN, M. & NIELSEN, M. (1965). On the nervous factors
controlling respiration and circulation during exercise. Acta Physiologica Scandinavica 63,
343-350.

ASMUSSEN, E., NIELSEN, M. & WIETH-PEDERSEN, G. (1943). On the regulation of the circulation
during muscular work. Acta Physiologica Scandinavica 6, 353-358.

BONDE-PETERSEN, F., ROWELL, L. B., MURRAY, R. G., BLOMQVIST, C. G., WHITE, R., KARLSSON,
E., CAMPBELL, W. & MITCHELL, J. H. (1978). Role of cardiac output in the pressor responses to
graded muscle ischemia in man. Journal of Applied Physiology 45, 547-580.

702



BLOOD PRESSURE DURING DYNAMIC EXERCISE

BULL, R. K., DAVIES, C. T. M., LIND, A. R. & WHITE, M. J. (1989). The human pressor response
during and following voluntary and evoked isometric contraction with occluded local blood
supply. Journal of Physiology 411, 63-70.

CLAUSEN, J. P. & TRAP-JENSEN, J. (1974). Arteriohepatic oxygen difference and heart rate during
initial phases of exercise. Journal of Physiology 37, 716-719.

DA PRADA, M. & ZURCHER, G. (1976). Simultaneous radioenzymatic determination of plasma and
tissue adrenaline, noradrenaline and dopamine within the femtomole range. Life Sciences 19,
1161-1174.

Dow, P. (1956). Estimations of cardiac output and central blood volume by dye dilution.
Physiological Review 36, 77-102.

FERNANDES, A., GALBO, H., KJA:R, M., MITCHELL, J. H., SECHER, N. H. & THOMAS, S. N. (1990).
Cardiovascular and ventilatory responses to dynamic exercise during epidural anaesthesia in
man. Journal of Physiology 420, 281-293.

FREUND, P. R., ROWELL, L. B., MURPHY, T. M., HOBBS, S. F. & BUTLER, S. H. (1979). Blockade
of the pressor response to muscle ischemia by sensory nerve block in man. American Journal of
Physiology 237, H433-439.

FRIEDMAN, D. B., BRENNUM, J., SZTUK, F., HANSEN, 0. B., CLIFFORD, P. S., BACH, F. W.,
ARENDT-NIELSEN, L., MITCHELL, J. H. & SEcHER, N. H. (1993). The effect of epidural
anaesthesia with 1 % lidocaine on the pressor response to dynamic exercise in humans. Journal
of Physiology 470, 681-691.

GALBO, H., KJ2ER, M. & SECHER, N. H. (1987). Cardiovascular, ventilatory and catecholamine
responses to maximal dynamic exercise in partially curarized man. Journal of Physiology 389,
557-568.

HANEL, B., WORM, L., SECHER, N. H., PERKO, G. & KJA:R, M. (1992). Exercise during extreme
hypoxia. Medicine and Science in Sports and Exercise 24, S158.

INNES, J. A., DE CORT, S. C., EVANS, P. J. & Guz, A. (1992). Central command influences
cardiorespiratory response to dynamic exercise in humans with unilateral weakness. Journal of
Physiology 448, 551-563.

IWAMOTO, G. A., MITCHELL, J. H., MIZUNO, M. & SECHER, N. H. (1987). Cardiovascular responses
at the onset of exercise with partial neuromuscular blockade in cat and man. Journal of
Physiology 387, 39-47.

JOHANSSON, J. E. (1895). Ueber die Einwirkung der Muskelthiatigkeit auf die athnung und die
Herzhiitigkeit. Skandinavische Archiv fur Physiologie 5, 20-66.

JORGENSEN, L. G., PERKO, G., PAYNE, G. & SECHER, N. H. (1993). Effect of limb anesthesia on
middle cerebral response to handgrip. American Journal of Physiology 264, H553-559.

KJAER, M., SECHER, N. H., BACH, F. W., GALBO, H., REEVES, D. R. JR & MITCHELL, J. H. (1991).
Hormonal, metabolic, and cardiovascular responses to static exercise in humans: influence of
epidural anesthesia. American Journal of Physiology 261, E214-220.

KJiER, M., SECHER, N. H., BACH, F. W., SHEIKH, S. & GALBO, H. (1989). Hormonal and metabolic
responses to dynamic exercise in man: effect of sensory nervous blockade. American Journal of
Physiology 257, E95-101.

KLAUSEN, K., SECHER, N. H., CLAUSEN, J. P., HARTLING, 0. & TRAP-JENSEN, J. (1982). Central
and regional circulatory adaptations to one-leg training. Journal of Applied Physiology 52,
976-983.

KRoGH, A. & LINDHARD, J. (1917). A comparison between voluntary and electrically induced
muscular work in man. Journal of Physiology 51, 182-201.

LEONARD, B., MITCHELL, J. H., MIZUNO, M., RUBE, N., SALTIN, B. & SECHER, N. H. (1985). Partial
neuromuscular blockade and cardiovascular responses to static exercise in man. Journal of
Physiology 359, 365-379.

LIUNDIN, S., WALLIN, B. G. & ELAM, M. (1989). Intraneural recording of muscle sympathetic
activity during epidural anesthesia in humans. Anesthesia and Analgesia 69, 788-793.

MCCOY, M. & HARGREAVES, M. (1992). Potassium and ventilation during incremental exercise in
trained and untrained men. Journal of Applied Physiology 73, 1287-1290.

MCMAHON, S. E., MCWILLIAM, P. N. & KAYE, J. C. (1993). Hindlimb contraction inhibits evoked
activity in baroreceptor-sensitive neurones in the nucleus tractus solitarii (NTS) of the
anaesthetized cat. Journal of Physiology 467, 18P.

703



S. STRANGE AND OTHERS

MITCHELL, J. H., KAUFMANN, M. P. & IWAMOTO, G. A. (1983). The exercise pressor reflex: its
cardiovascular effects, afferent mechanisms, and central pathways. Annual Review of Physiology
43, 229-242.

MITCHELL, J. H., REEVES, D. R. JR, ROGERS, H. B. & SECHER, N. H. (1989). Epidural anaesthesia
and cardiovascular responses to static exercise in man. Journal of Physiology 417, 13-24.

MITCHELL, J. H., REEVES, D. R. JR, ROGIERS, H. B., SECHER, N. H. & VICTOR, R. G. (1989).
Autonomic blockade and cardiovascular responses to static exercise in partially curarized man.
Journal of Physiology 413, 433-445.

MITCHELL, J. H. & SCHMIDT, R. F. (1983). Cardiovascular reflex control by afferent fibers from
skeletal muscle receptors. In Handbook of Physiology, vol. m, part 2, ed. SHEPHERD, J. T. &
ABBOUD, F. M., pp. 623-658. American Physiological Society, Bethesda, MD, USA.

OCHWADT, B., BUCHERL, E., KREUZER, H. & LOESCHCKE, H. H. (1959). Beeinflussing der
Atemsteigerung bei Muskelarbeit durch partiellen neuromuscularen Block (Tubocurarine).
Pflugers Archiv 269, 613-621.

RICHTER, E. A., KIENS, B., HARGRREAVES, M. & KJA:R, M. (1992). Effect of arm-cranking on leg
blood flow and noradrenaline spillover during leg exercise in man. Acta Physiologica Scandinavica
144, 9-14.

R0RDAM, P., JENSEN, L. P., SCHROEDER, T., LORENTZEN, J. E. & SECHER, N. H. (1993). Intra-
arterial papaverine and leg vascular resistance during in situ bypass surgery with high and low
epidural anaesthesia. Acta Anaesthsiologica Scandinavica 37, 97-101.

ROWELL, L. B., HERMANSEN, L. & BLACKMON, J. R. (1976). Human cardiovascular and respiratory
responses to graded muscle ischemia. Journal of Applied Physiology 41, 693-701.

RYBICKI, K. J., STREMEL, R. W., IWAMOTO, G. A., MITCHELL, J. H. & KAUFMAN, M. P. (1989).
Occlusion of pressor responses to posterior diencephalic stimulation and static muscular
contraction. Brain Research Bulletin 22, 305-312.

SALTIN, B. (1986). Physiological adaptation to physical conditioning. Acta Medica Scandinavica
220, suppl. 711, 11-24.

SECHER, N. H., CLAUSEN, J. P., KLAUSEN, K., NOER, I. & TRAP-JENSEN, J. (1977). Central and
regional circulatory effects of adding arm exercise to leg exercise. Acta Physiologica Scandinavica
100, 288-297.

SIEGEL, S. & CASTELLAN, H. J. JR (1988). Nonparametric Statistics for the Behavioral Sciences, 2nd
edn. McGraw-Hill, New York.

STRANGE, S., PAWELCZYK, J. A., SECHER, N. H., MITCHELL, J. H., CHRISTENSEN, N. J., KARPAKKA,
J. & SALTIm, B. (1992). Cardiovascular response to electrically induced dynamic exercise with
epidural anaesthesia. Acta Physiologica Scandinavica 146, suppl. 608, 135.

VICTOR, R. G., PRYOR, S. L., SECHER, N. H. & MITCHELL, J. H. (1989). Effects of partial
neuromuscular blockade on sympathetic nerve responses to static exercise in humans. Circulation
Research 65, 468-476.

WILSON, L. B., WALL, R. T., MATSKAWA, K. & MITCHELL, J. H. (1991). Multiplicity of the afferent
pathways mediating the exercise pressor reflex. Brain Research 539, 316-319.

704


