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To test the hypothesis that an acute bout of maximal exercise can ameliorate 
orthostatic hypotension consequent to prolonged wheelchair confinement, we 
evaluated heart rate (HR), systolic (SBP) and diastolic (DBP) blood pressure 
responses during 15 minutes of 70° head-up tilt (HUT) in 10 paraplegic subjects 
24 hours after arm crank exercise designed to elicit maximal effort, and during a 
control (no exercise) condition. Additionally, the carotid baroreceptor stimulus
cardiac response relationship was determined by measurement of R-R interval 
during external application of graded pressures to the carotid sinuses. One week 
separated the treatment conditions. The maximum slope of the carotid-cardiac 
baroreflex response was increased (p = 0.049) by exercise (6.2 ± 1.7 
msec/mmHg) compared to control (3.3 ± 0.6). During control HUT, HR in
creased from 61 ± 1 to 90 ± 7 bpm (p = 0.001) while SBP decreased from 
118 ± 5 to 106 ± 9 mmHg (p = 0.025). During HUT 24 hours after exercise, HR 
increased from 60 ± 2 to 90 ± 4 bpm (p = 0.001), but the reduction in SBP was 
essentially eliminated (116 ± 5 to 113 ± 5 mmHg). The reduction in SBP during 
control HUT (-12.0 ± 4.6 mmHg) was four-fold larger (p = 0.017) than during 
HUT following exercise (-3.1 ± 3.9 mmHg). DBP during HUT was not altered 
in either condition. A single bout of intense, dynamic arm crank exercise 
eliminated orthostatic hypotension in paraplegics. Equal HR response with 
smaller reduction in SBP during HUT after exercise was consistent with a 
measured increased sensitivity of the carotid-cardiac baroreflex. These data 
provide support for the use of maximal arm crank ergometry as a potential 
treatment for acute management of orthostatic hypotension in patients confined 
to wheelchairs. 
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Introduction 

Orthostatic hypotension can limit rehabilita
tion of patients with spinal injuries confined 
to bed and/or wheelchairs. 1 Although the 
mechanisms underlying this condition re
main unclear, the incidence of hypotension 
and syncope upon standing following bed
rest confinement was associated with im
paired autonomic function as indicated by 
attenuation of orthostatic tachycardia and 
the carotid-cardiac baroreflex response.2 A 
similar association between carotid-cardiac 
vagal baroreflex dysfunction and hypoten
sion has been reported in wheelchair con-

fined quadriplegic subjects.3 Thus, impair
ment of cardioacceleration and develop
ment of hypotension during orthostatic chal
lenge in spinal injured patients may reflect 
alterations in autonomic function that occur 
as an adaptive response to chronic removal 
from the upright posture. 

Acute graded exercise to exhaustion in
creased carotid baroreceptor-cardiac reflex 
response by 60 min post exercise4 and lasted 
as long as 24 hours after exercise. 5 A single 
bout of intense exercise at the end of 10 days 
of bedrest restored heart rate, blood pres
sures and orthostatic stability on a treadmill 



to prebedrest levels within 2 hours of 
ambulation6 and reversed fainting episodes 
after 6 hours of water immersion.7 These 
observations suggest that maximal exercise 
may provide an acute therapeutic procedure 
against the development of orthostatic hy
potension. We therefore hypothesized that 
a bout of graded exercise designed to elicit 
maximal effort would increase the sensiti
vity of autonomic baroreflexes in paraple
gics and enhance their blood pressure stabil
ity during an orthostatic challenge. Conse
quently, we measured the carotid-cardiac 
baroreflex stimulus-response relationship as 
a marker of autonomic function and re
sponses of heart rate (HR), systolic (SBP) 
and diastolic (DBP) blood pressures to 70° 
head-up tilt (HUT) in 10 paraplegic subjects 
24 hours after a bout of dynamic arm 
exercise. Our results indicated that a single 
bout of intense exercise eliminated ortho
static hypotension without affecting HR 
response during HUT in paraplegics and 
was associated with an increased sensitivity 
of the carotid-cardiac baroreflex response. 

Methods 

Subjects 
Ten sedentary paraplegics (range of injury 
level: TI-TI2) with a mean (± SE) age of 
36± 4 yr, height of 185 ± 2 cm, and weight 
of 90 ± 7 kg, gave their written consent to 
serve as subjects for this investigation after 
they had been informed of all procedures 
and risks. Subjects had been confined to 
their wheelchairs for an average of 118 ± 21 
months and none had attained the upright 
posture for at least 6 months prior to the 
beginning of the study. Selection of subjects 
was dependent on clinical results from a 
screening evaluation that included a de
tailed medical history and a physical exami
nation. All subjects were asked to abstain 
from exercise, tobacco, alcohol, caffeine, 
and medications not essential for the main
tenance of clinical stability for a minimum of 
24 hours prior to each experimental session. 

Experimental design 
Subjects completed two experimental proto
cols. Each protocol involved measurement 
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of the carotid-sinus baroreflex sensitivity 
and responses of HR, SBP and DBP to 70° 
HUT on 2 days: (1) 24 hours after acute, 
intense exercise; and (2) during a control 
(no exercise) condition. The test days were 
separated by one week and the two experi
mental conditions were given in random 
order. 

Experimental protocol 
Each experimental session began with the 
measurement of body weight with the sub
ject seated in the wheelchair. The subject 
was then assisted out of the wheelchair and 
assumed the supine posture on a tilt table 
for 30 minutes to establish a stabilized 
baseline HR and BP. After the baseline 
period, tests were conducted for measure
ment of the carotid baroreceptor stimulus
cardiac response relationship. 

Baroreflex measurement 
A neck chamber device previously de
scribed in detailS was utilized to evaluate the 
carotid stimulus-cardiac response relation
ship of the baroreflex. Briefly, stimuli were 
delivered to the carotid baroreceptor by a 
computer-controlled motor-driven bellows 
which provided pressure steps to a silas tic 
neck chamber covering the area of the 
carotid arteries. An initial pressure of 
40 mmHg was delivered to the chamber and 
maintained for 4 R waves. With the next R 
wave, the pressure sequentially stepped to 
approximately 25, -5, 10, -20, -35, -50, 
and -65 mmHg followed by a return to 
ambient pressure. Pressure steps were trig
gered by R waves so that neck chamber 
pressures were superimposed upon natur
ally occurring cardiac pulses. To avoid 
respiration-related variations of cardiac 
vagal outflow, neck pressure changes were 
applied only while subjects held their breath 
at mid expiration. 

A test session consisted of seven success
ful applications of the aforementioned neck 
pressure sequences. Each sequence lasted 
� 15 seconds and each test session lasted 15 
minutes. Individual trials were discarded 
immediately if the subject breathed during 
the stimulus sequence or if the neck 
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chamber failed to seal adequately. SBP and 
DBP were measured with a sphygmomano
meter prior to the application of the 
stimulus. Carotid distending pressure 
(CDP) was calculated as systolic pressure 
minus neck chamber pressure applied dur
ing each heart beat; this calculation assumes 
complete transfer of pressure in the neck 
chamber to the carotid arteries. The result
ing stimulus-response relationship of the 
baroreflex was derived by plotting R-R 
intervals at each pressure step against their 
respective CDP. 

Previous studies using similar techniques 
have shown that a meaningful fit to a 
four-parameter logistic equation is not poss
ible for many subjects. 9 Therefore, from the 
average of each seven trials, baroreflex 
relationships were reduced to the following 
parameters for statistical comparisons: (1) 
maximum slope to provide an index of 
reflex sensitivity; (2) position of the opera
tional point ([baseline R-R - minimum 
R-R]/R-R range x 100%) to provide infor
mation about the position from which the 
baseline heart rate functions on the 
stimulus-response relationship; and (3) 
carotid pressures at minimum and maximum 
R-R intervals to provide information about 
threshold and saturation characteristics of 
the reflex relationship. The maximum slope 
of the carotid stimulus-cardiac response 
relationship provides the best indicator of 
baroreflex function.lO To determine the 
segment of steepest slope, least squares 
linear regression analysis was applied to 
every set of 3 consecutive points on the 
response relationship. 

70" head-up tilt 
A motorized tilt table elevated the subject 
to the 70° head-up position within 10 
seconds. Subjects remained in this position 
for 15 minutes or until the onset of presyn
copal symptoms. During this time, beat-to
beat HR was continually recorded with an 
ECG telemetry system. BP was measured 
on the right arm via brachial artery asculta
tion at 2-minute intervals. At the conclusion 
of the test, the subject was quickly returned 
to the supine posture. An identical pro
cedure was repeated one week later to 

measure responses under the remaining 
treatment. 

Exercise bout 
All subjects performed a multistage graded 
exercise bout designed to elicit a maximal 
effort 24 hours prior to one of the HUT 
sessions utilizing a Monark arm crank ergo
meter mounted on a table capable of being 
adjusted for the subject's seated height. 
After a brief (3-5 minutes) warm-up against 
no load, the work rate was set at 10 Watts 
(W) and was increased by 5 W every 2 
minutes. An electric metronome assisted 
the subject in maintaining a rotational cad
ence of 60-70 rpm. This protocol was 
chosen because similar bouts of exhaustive 
exercise have been shown to increase 
baroreflex sensitivity. 4,5 HR was recorded 
during the last 15 seconds of each minute 
while BP was measured by brachial artery 
ascultation before and immediately after 
cessation of exercise. The exercise bout was 
terminated when the subject reached voli
tional fatigue and was unable to maintain 
the required cadence for a period exceeding 
15 seconds. 

Statistical analysis 
Standard descriptive statIstIcs were per
formed on each of the response variables of 
interest with results presented as means 
± SE. Paired-difference t statistics were 
computed for each variable to compare 
responses obtained under the two treatment 
conditions. 

Results 

Exercise bout 
For the 10 subjects, the final work rate at 
volitional fatigue averaged 38 ± 1 W and 
was attained after a mean time of 14 ± 1 
minutes. HR, SBP and DBP at termination 
averaged 175 ± 2 bpm, 165 ± 2 mmHg, and 
71 ± 1 mmHg, respectively. 

Baroreflex response 
A summary of the carotid-cardiac barore
flex characteristics for the two experimental 



conditions together with the resultant t and 
p values is presented in Table I. Supine HR, 
SBP, DBP, and baseline R-R interval were 
similar between exercise and control condi
tions as were the CDP at the maximum R-R 
interval and the position of the operational 
point. Exercise did reduce (p = 0.023) CDP 
at minimum R-R interval. The maximum 
slope of the baroreflex was increased 
(p = 0.049) 24 hours following intense ex
ercise (6.2 ± 1.7 msec/mmHg) compared to 
the control condition (3.3 ± 0.6 msec/ 
mmHg). Mean baroreflex stimulus-res
ponse relationships for all subjects during 
control and after exercise are illustrated in 
Figure 1 for the purpose of a descriptive 
comparison. 

Responses to 70° H UT 
Supine SBP, DBP, and HR prior to 70° 
HUT were not different between treatments 
(Table I). During HUT, HR was elevated 
(p = 0.001) by 29 bpm and 30 bpm under 
control and exercise conditions, respectively 
(Fig 2a). During control HUT, SBP de
creased (p = 0.025) from 118 ± 5 to 
106 ± 9 mmHg (Fig 2b), while reduced SBP 
was essentially eliminated during HUT 24 
hours after maximal exercise (116 ± 5 to 
113 ± 5 mmHg). The reduction in SBP dur
ing control HUT (-12.0 ± 4.6 mmHg) was 
larger (p = 0.017) than that during HUT 
following exercise ( -3.1 ± 3.9 mmHg). 
DBP during HUT was not altered in either 
condition. 
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Figure 1 Illustration of carotid baroreceptor 
stimulus-cardiac response relationship for con
trol (open circles and broken lines) and exercise 
(solid circles and solid lines) conditions. 

Discussion 

To test the hypothesis that acute exercise 
designed to elicit maximal effort can en
hance autonomic function and ameliorate 
orthostatic hypotension consequent to pro
longed wheelchair confinement, we 
measured the sensitivity of the carotid 
baroreflex and heart rate and blood pres
sure responses to 15 minutes of 70 ° HUT in 
paraplegic subjects 24 hours after intense 
arm crank exercise. The primary finding of 
this study was that exercise of this type 
induced a substantial increase in the max
imum slope of the carotid baroreceptor 

Table I Heart rate, blood pressure, and parameters of carotid-cardiac baroreflex response relation 
during control and 24 hr after acute intense exercise 

Control Post exercise t value p value 

Supine systolic BP (mmHg) 118 ± 5 116 ± 4 0.2459 0.811 
Supine diastolic BP (mmHg) 77 ± 4 76 ± 4 0.5929 0.568 
CDP at max R-R (mmHg) 145 ± 12 148 ± 9 0.2442 0.813 
CDP at min R-R (mmHg) 99 ±11 85 ± 7 2.7358 0.023 
Supine HR (bpm) 61 ± 1 60 ± 2 0.8316 0.427 
Baseline R-R interval (ms) 973 ± 37 978 ± 36 0.0695 0.946 
Maximum slope (ms/mmHg) 3.3 ± 0.6 6.2 ± 1.7 3.7060 0.049 
Position of operational point (%) 65 ± 16 65 ± 18 0.0808 0.937 

Values are means ± SE; CDP = estimated carotid distending pressure. 



876 Engelke et al 

o Supine 
a 11115 min HUT 

100 * 

90 

E 
80 

c. 
:3 70 
0: 
:r: 60 

50 

40 
Control Exercise 

b 
130 

120 
OJ 

:r: 110 E 
E 

c... 100 
(ll 
CJl 

90 

80 
Control Exercise 

Figure 2 Comparison of heart rate (HR) (panel 
A) and systolic blood pressure (SBP) (panel B) 
to the supine posture (open bars) and after 15 
minutes of 70° head-up tilt (HUT) (closed bars) 
in the control and exercise conditions. Bars 
represent means and T-lines represent 1 
standard error. Asterisks indicate p < 0.05 vs 
corresponding supine value. 

stimulus-cardiac response relationship and 
eliminated hypotension during 70° HUT. 

The shape of the baroreflex stimulus-res
ponse relationship was shifted upward and 
to the left 24 hours after exercise so that the 
increased maximum slope was in the region 
of hypotension where the capacity to buffer 
against moment-to-moment changes in 
blood pressure during orthostatic challenge 
could be optimized (Fig 1). Exercise also 
reduced the threshold for cardiac response 
indicating that the reflex remained active at 
carotid pressures associated with greater 
hypotension. We observed essentially no 
differences between control and exercise 
conditions in supine HR, SBP, DBP, CDP 
at the maximal R-R interval (saturation), or 
in the position of the operational point. 

Interestingly, the location of the operational 
point was higher on the stimulus-response 
relationship in subjects of the present study 
(65%) compared to a position of 30-40% 
reported in other investigations. 3.5 Because 
the operational point identifies the location 
from which the baseline cardiac response 
functions, the data of the present study 
suggest that our paraplegic subjects have 
greater reserve for cardioacceleration dur
ing the onset of orthostatic hypotension. 
Therefore, elimination of orthostatic hy
potension following exercise in paraplegic 
patients was associated with increased max
imum slope in the hypotensive range, de
creased threshold, and relatively high posi
tioning of the operational point. 

Evaluation of the unit change in heart 
rate per unit change in systolic blood pres
sure (�HR/ �SBP) during the tilt table test 
can be useful as a functional assessment of 
the integrated cardiac baroreflex respon
siveness.11 In the control condition, a reduc
tion of 12 mmHg in SBP stimulated an 
increase in heart rate of 29 bpm so that 
�HR/�SBP was 2.4. Twenty-four hours 
after maximal arm crank exercise, a reduc
tion of only 3 mmHg in SBP elicited a 
similar elevation in heart rate (30 bpm) so 
that �HR/ �SBP was 10.0. Thus, exercise 
induced a four-fold increase in barorecep
tor-cardiac reflex response. Since cardio
pulmonary barorceptors do not singly con
tribute to the reflex control of heart rate,12 
it is reasonable to attribute the increased 
cardiac reflex response during orthostatic 
challenge 24 hours after exercise to sensit
ized baroreflex control. The two-fold in
crease in carotid-cardiac baroreflex sensitiv
ity concomitant with the four-fold increase 
in �HR/ �SBP suggests that acute intense 
exercise also increased the sensitivity of 
aortic baroreceptor reflex control of heart 
rate. This is reasonable since aortic 
baroreceptor-cardiac reflex has a more 
prominent role than the carotid barorecep
tor-cardiac reflex in the control of heart 
rate. 13,14 

Our observation that acute intense arm 
crank eliminated orthostatic hypotension 
with similar cardioacceleration to that in the 
control condition suggests that factors other 
than baroreflex control of heart rate were 



altered by exercise. It is possible that the 
acute exercise enhanced cardiac filling, 
stroke volume and cardiac output since a 
10% expansion in plasma volume was in
duced 24 hours after the performance of this 
type of exercise in ambulatory subjects. 15 It 
is further possible that acute intense exerc
ise might sensitize cardiopulmonary 
baroreflex control of vascular resistance, 
although no experiments have addressed 
this issue. 

Our observation of a 95% increase in 
sensitivity of the vagally-mediated carotid
cardiac baroreflex following a bout of acute 
high intensity exercise is not without preced
ent. Somers et al4 reported a 50% increase 
in the gain of the baroreceptor stimulus-res
ponse relationship 60 minutes after the 
completion of graded cycle exercise to 
exhaustion in hypertensive subjects. Con
vertino and Adams5 observed a 92% in
crease in the baroreflex sensitivity 3 hours 
after the cessation of maximal leg exercise in 
normotensive subjects which was main
tained for 24 hours. Similarly, a single bout 
of intense supine exercise following 7 days 
of bedrest increased the gain of the barore
flex by 32% .16 

The mechanisms by which baroreflex 
function may be sensitized by acute intense 
exercise is unclear. By using combinations 
of exercise and lower body positive pressure 
to increase arterial pressure, the gain of the 
carotid-cardiac baroreflex response was sys
tematically elevated to 120% above the 
normal resting baseline level. 17 These data 
were used to advance the hypothesis that 
loading of carotid baroreceptors by periodic 
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elevation of systolic blood pressure may 
provide a primary stimulus to increase 
baroreflex sensitivity.18 This hypothesis is 
supported by the observation that acute 
elevations in pulse amplitude and frequency 
in isolated carotid sinuses of dogs increased 
baroreceptor sensitivity. 19 If regular transi
ent elevations in arterial pressure are re
quired to maintain baroreflex function, then 
techniques capable of producing such pres
sure changes could promote acute sensitiza
tion of baroreflex responses. Intense dy
namic graded exercise appears to represent 
one such technique. 

A comparison of baroreflex sensitivity 
between various subject populations is pre
sented in Table II. Quadriplegics and heal
thy subjects confined to bedrest exhibit 
baroreflex responses attenuated by -30% 
compared to ambulatory subjects. Paraple
gics in the present study exhibited similar 
baseline resting baroreflex sensitivity as 
those observed in ambulatory subjects. 
Further, exhaustive arm exercise performed 
in the present study by paraplegics increased 
the gain of the baroreflex stimulus-response 
relationship to the same magnitude as that 
induced by maximal supine leg cycle exer
cise performed by ambulatory subjects in a 
previous study. 5 In the present study, arm 
exercise increased heart rate to 175 bpm and 
systolic blood pressure to 165 mmHg com
pared to 174 bpm and 205 mmHg produced 
by graded supine leg exercise in a previous 
study.5 The observation that arm exercise 
induced increased baroreflex sensitivity 
equal in magnitude to that of leg exercise 
may reflect the capability of both exercises 

Table II Comparison of baroreflex sensitivity in ambulatory and confined subjects 

Study 

Present Study 
Convertino et al 3 
Convertino et al 2 
Convertino & Adams 5 

Subjects 

Paraplegics 
Quadriplegics 
Bedrested subjects 
Ambulatory subjects 

Values are ± SE; N/A = not applicable. 

Maximum slope 
(ms/mm Hg) 

Control 

3.3 ± 0.7 
2.6 ± 0.4 
2.5 ± 0.3 
3.7 ± 0.4 

Post exercise 

6.2 ± 1.7 
N/A 
N/A 

6.6 ± 0.6 
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to provide comparable autonomic stimuli as 
indicated by similar rapid and sustained 
elevations in heart rate and blood pressure. 
Thus, graded arm crank exercise may pro
vide an equally effective technique com
pared to leg exercise for acute improvement 
of autonomic function associated with blood 
pressure regulation during orthostatic chal
lenge. 

In summary, a single bout of intense 
graded arm crank exercise increased the 
sensitivity of the carotid baroreceptor--car
diac reflex response relationship 24 hours 
after exercise in paraplegic patients. This 
increased autonomic function was associ
ated with the elimination of orthostatic 
hypotension during 70° HUT. These results 
suggest that this type of exercise may be 
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