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INTRODUCTION

Approximately 200,000 individuals with spinal cord
injury live in the United States, with the addition of 7,000
new cases each year (1,2). Approximately half of the indi-
viduals with acute spinal cord injury have complete
injuries of the spinal cord accompanied by loss of volun-
tary motor and sensory function below the level of the
lesion (1). Numerous cardiovascular and hemodynamic
effects constitute drastic sequelae after acute spinal cord
injury. The magnitude of these effects is directly related
to the level and severity of the injury, with the largest
changes occurring in complete cervical injury (3). In this
population, impairment of the sympathetic nervous sys-
tem, in addition to compromised respiratory and venous
muscle pumps, usually leads to severe venous pooling in
the lower extremities.

Secondary effects include posttraumatic hypoten-
sion and diminished cardiac output (4,5), which are both
significant contributing factors for the development of
deep venous thrombosis and pulmonary embolism (3). A
complete loss of autonomic responses results in orthosta-
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tic hypotension when the individual with acute spinal
cord injury sits up or passively stands. Reconditioning
individuals with acute spinal cord injury to tolerate the
upright position constitutes an initial part of the rehabili-
tation program. The use of a tilt table or gradually elevat-
ing a reclining wheelchair is usually the common
methods to achieve this goal (6). A variety of external
compression techniques, such as elastic stockings, pres-
sure boots, and antigravity suits, have been used with var-
ied success in decreasing orthostatic hypotension (7,8). In
the last decade, functional neuromuscular stimulation
(FNS) has been suggested to maintain muscle girth and
bone integrity after spinal cord injury. The extent to
which FNS can facilitate upright postures by maintaining
blood pressure has not been systematically studied in
individuals with acute spinal cord injury (9).

Davis et al. (10) presented the effects of arm crank
exercise with and without FNS of the lower extremity in
individuals with chronic spinal cord injury. The FNS
group demonstrated a 10-19 percent augmentation in
stroke volume and a 4-16 bpm decrease in heart rate
(HR) with a net effect of a mild enhancement (7-8 per-
cent increase) in cardiac output compared to the group
not receiving FNS. Glaser et al. (11) evaluated the car-
diovascular responses to FNS in able-bodied individuals
and individuals with chronic spinal cord injury. Both
groups showed between a 12-30 percent increase of
stroke volume and cardiac output. The proposed mecha-
nism for this increase during FNS was thought to be the
mechanical shunting of blood due to muscle contraction
(11). Phillips et al. (12) investigated the effects of FNS
intensity on lower limb blood flow during muliilevel-
intensity arm crank exercise in 8 individuals with chron-
ic spinal cord injury. Blood flow was increased
incrementally with increases in intensity of FNS across
all exercise levels. The authors proposed that FNS is
effective in increasing blood flow and reducing venous
pooling in paralyzed muscle in individuals with chronic
spinal cord injury.

Figoni et al. (13) studied the cardiovascular effects
of FNS concurrent with arm crank exercises during tilting
between 30° and 70° in individuals with chronic spinal
cord injury. The stroke volume increased 16 percent and
the cardiac output increased 18 percent at the 30°g tilt
position. Conversely, FNS had no effect on the stroke
volume and cardiac output at the 70° tilt position, and no
effect on HR and systolic blood pressure (SBP) at the 30°
or 70° tilt position. The effect of tilting upright with or
without FNS was presented for four individuals with

chronic spinal cord in
increasing tilt angles
at 10°, Although no
the authors indicated
an increase in SBP by
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FNS have been p

ijury. Stroke volume decreased with
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viduals with chronic
al-related orthostatic
when placing individ

spinal cord injury. However, postur-
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uals with acute spinal cord injury in

a sitting or standing position. Accordingly, we examined

the cardiovascular re
tolic blood pressure])
trical stimulation of

sponses (HR, SBP, and DBP [dias-
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the lower leg in individuals with
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stimulation would att
static hypotension.

METHODS

Individuals
Five individuals
ed from the inpatient

enuate the posturally induced ortho-

with acute spinal cord injury select-
population at the University of Towa

Hospitals and Clinics were invited to participate in the

study. Medical/orthopedic clearance and informed writ-
ten consent were obtained prior to enrollment. All indi-
viduals had acute and complete spinal cord lesions (one

week to six weeks p

stinjury). The completeness of the

spinal cord injury was determined by clinical neurologi-

cal assessment to ind

cate loss of motor function, loss of

sharp-dull distinction, loss of light touch, and no joint

position sense below

the level of lesion. Exclusion crite-

ria included secondary medical complications involving
the kidney, bladder, heart, lungs, skin, or peripheral vas-
cular system. Individuals on cardiovascular medications
(anti-hypertension and/or intropic or chronotropic drugs)
were excluded. Two individuals with tetraplegia and
three individuals with paraplegia were included in the
study. Descriptive data are presented in Table 1.

Instruments

Subject’s HR was monitored with a Nellcor pulse
oximeter (Nellcor Pulse Oximeter, N3000, Nellcor, Inc.,
2391 Fenton Street, Chula Vista, CA 91914). A finger
sensor was used. The system provided a continuous digi-
tal HR readout with an accuracy of 2 beats (15,16). The
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Table 1.

Descriptive subject data (n=5 males).

Neo Diag Week Age Height Weight
1 T8 4 36 172.7 102.3
2 C6,C7 3 32 181.0 81.8
3 T8 2 27 182.9 63.6
4 C8,T1 3 27 177.8 62.7
5 C6 3 26 177.8 63.6
Mean and SD 3+0.7 2944.3 178.443.8 74.8+17.3

No=subject number; Diag=clinical diagnosis

Week=weeks post injury; Age in years; Height in cm; Weight in kg.

BP was obtained using a digitally displayed Nellcor

Symphony Blood Pressure Mo

Inc., 2391 Fenton Street, Chula

nitor, N-3100 (Nellcor,
Vista, CA 91914). An

automatic pressure source inflated the rubber bladder of

the pressure cuff at a controlled

ariable rate of inflation

and deflation. The system could be manually triggered or
set in an automatic mode. The automatic mode (one-
minute intervals) was adopted for the current study. The
pressure cuff was positioned on the arm such that the
arrow in the cuff was placed over the brachial artery.
Although recovery periods were provided between trials,
baseline measurements were not always identical. Data
were subsequently analyzed by ANCOVA with the base-
line measurements as the covariate. The investigator
recorded pressure measurements. The measurement accu-

racy was +2 mmHg (15,16). A v
used to ensure patient safety

sual analogue scale was
hrough monitoring the

severity of symptoms, fainting and/or headache, that the

subject may experience. Des
(headache, neck/shoulder pain, d

cription of symptoms
mming or loss of vision,

weakness, syncope, hot sweating, upset stomach) was
noted at the bottom of the data record sheet.

Procedure

Descriptive subject data
weight) were obtained from the
was conducted in the Human Pe

(gender, age, height,
medical record. Testing
rformance Laboratory at

the Multidisciplinary Rehabilitation Center of the
University of Iowa Hospitals and Clinics. Individuals

were transported to and from th

e research laboratory by

hospital staff. Upon arrival to the research laboratory, the
individuals were immediately transferred to the tilt table

(0° tilt) to facilitate acclimation
ment and to insure good baselin
The individuals were positioned
feet in slight contact with the fo
table. The footboard accommod

to the research environ-
e resting measurements.
on the tilt table with the
otboard at the end of the
ated partial weight bear-

ing during the tilting procedures. Adjustable restraining
straps were secured at the chest and knee levels to pro-
vide subject support and safety. The arms were kept free
to allow accessibility for the blood pressure measure-
ments. Angle of inclination was monitored by a reference
goniometer affixed to the tilt table. Inclination of the tilt
table was manually regulated with the toggle control
switch for the tilt table electrical motor. The test protocol
involved a minimum of six minutes of resting 0°g base-
line measurements followed by six four-minute stages for
each of the tilt table angles (0°, 15°, 30°, 45°, 60°g) fol-
lowed by four minutes of recovery. The physiological
measurements (HR, SBP, and DBP) were taken at one-
minute intervals during the resting baseline period and
the respective graded test positions. Subject perception of
orthostatic tolerance was also assessed at one-minute
intervals during the tilting procedures. Criteria for termi-
nating the test were based on acute low levels of hypoten-
sion (SBP < 60 mmHg or DBP < 40 mmHg) to avoid
kidney filtration problems (17), or severe orthostatic
symptoms demonstrated by the subjects’ reports of faint-
ing and/or headache. The above test protocol was con-
ducted with and without the application of FNS to the
lower extremities (bilateralstimulation of the knee exten-
sors and ankle plantar flexors). The with versus without
order was counter balanced.

The electrical stimulation procedure first involved
rubbing the skin with alcohol where stimulating elec-
trodes were placed (motor points of the quadriceps and
the ankle plantar flexors). For the quadriceps the distal
electrode was placed over the vastus medialis muscle
while the proximal electrode was placed over the vastus
lateralis muscle near its insection on the upper femur. For
the plantar flexors, one electrode was placed proximally
over the belly of the gastrocnemius muscle while the dis-
tal electrode was placed 4 inches above the malleolus
over the soleus muscle. Large rectangular (8 cm by 13
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cm), flexible, self-adhesive pad electrodes (Verso-Stimi
Con Med. Corp., Utica, NY) were used in conjunction
with a custom-designed computer-interfaced electrical
stimulation unit (18). The stimulator had a range of
0-400 volts with a constant current from 0 to 200 mil-
liamps. The stimulator was triggered by digital pulses
from a board housed in a microcomputer under custom
software control. The stimulator emits biphasic square
waves with pulse widths ranging from 200 to 800
microseconds. A 20-Hz stimulation frequency was used
without any ramping of the intensity. Alternating 2-sec-
onds-on and 4-seconds-off periods were used to minimize
muscle fatigue (18,19,20,21) and to optimize the move-
ment of blood through the muscle during the short 2-sec-
ond contraction. The intensity of the stimulation was
adjusted to achieve a strong visible contraction of the
quadriceps and plantar ankle flexor muscles.

Data Analysis

The study was based on two factors: 1) posture (tilt
table angle, 0°, 15°, 30°, 45°, 60°), and 2) functional neuro-
muscular stimulation (A with, B without). The order for
stimulation was counter balanced so that some individuals
received no FINS first while others received no FNS second.

Statistical analysis was performed using the Statistical
Analysis System (SAS), Statistical Analysis System
Institute, Inc., Cary, NC. Descriptive statistics (means and
standard deviations) were calculated on the demographic
data (age, height, weight). A p value of <0.05 was adopted
for statistical significance in this study. Although recovery
periods were provided, between trials baseline measure-
ments were not always identical. Data were subsequently
analyzed by ANCOVA with baseline measurements as
covariates. To enhance reproducibility and optimize statis-
tical power, the ANCOVA utilized all observations and per-
formed the analysis on the computed means of each tilt
stage. Based on the adjusted mean values, the ANCOVA
tested the interaction and the main effects for the treatment
conditions (with FNS versus without FNS), and test posi-
tions (angles of tilt). On an a priori basis, in order to pro-
vide more definite information regarding the treatment
effect of FNS, Tukey pairwise comparisons were made at
each test position (angles of tilt).

To investigate the accumulative effect of the tilting
procedure, paired /-tests were used to analyze the overall tilt
effect (0°-maximum tilt) for each test condition with FNS
and without FNS. Paired t-tests were also used to investi-
gate the between-treatment effects (0°-maximum tilt differ-
ences with FNS versus without FENS). Subsequent to visual

analysis of the raw data, there appeared to be a possible
rebound effect associated with the tilting procedure. This
question was more thoroughly investigated through paired
t-tests of the base line per tilt versus recovery measurements
for each test condition, with FNS versus without FNS.
Paired 7-tests were also used to compare the magnitude of
the with FNS versus without FNS difference scores.

RESULTS

The SBP showed a progressive decrease with increas-
ing tilt angle. The FNS treatment condition appeared to
attenuate the rate of SBP decrease. The ANCOVA revealed
significant test position (tilt angle) and treatment (with or
without FNS) main effects (p<0.05), but the test of interac-
tion was not significant (p>0.05). The mean ANCOVA-
adjusted SBP values are presented in Table 2. Based on the
a priori between-treatment pairwise contrasts the difference
in SBP for the 0° test position was not significant (p>0.05).
However, for all other test positions, SBP without FNS was
lower than with FNS. The SBP decreased for both the with-
FNS and the without-FNS conditions, with the magnitude
of the decrease being more pronounced without FNS. The
paired #-test indicated a significant overall tilt effect in both
conditions, with and without FNS (p<0.05). The magnitude
of the FNS overall tilt effect was smaller than the without-
ENS effect (p<0.05). The magnitude of the rebound (recov-
ery minus baseline difference values) for the condition with
ENS was relatively larger than the without-FNS conditions.
The recovery values for both with and without FNS were
slightly elevated, with the magnitude of the increase with
FNS being slightly higher. The paired #-test indicated a
baseline versus recovery difference for the with-FNS con-
dition (p<0.05), and no difference without FNS (p<0.05).
The magnitude of the rebound with FNS was greater than
that without FNS (p<0.05).

Table 2.
Systolic blood pressure in mmHg*: means, standard devia-
tions, and between-treatment Tukey mean contrasts.

Tilt With FNS Without FNS P
0 118.9%1.9 118.04£2.3 0.7478
15 116.3+1.9 110.642.1 0.0480
30 110.6£1.9 099.0£2.2 0.0001
45 105.0+2.4 098.1+2.4 0.0392
60 098.942.3 090.7£2.2 0.0071

*=all values ANCOVA adjusted; Tilt=tilt sequence, in degrees.
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The mean percentage change for SBP at each degree
of tilt with FNS as compared to that without FNS is
graphically presented in Figure 1. Indeed, at all tilt
angles the SBP was higher with FNS. Moreover, the mag-
nitude of the effect increased at greater tilt angles. Hence,
at a 60° tilt angle there was a 15 percent increase in SBP
with FNS as compared to not using FNS.

% of change (SBP,DBP HR)

0 0 15 30 45 80

Degrees of tilt

Figure 1.
Mean percentage change between with-FNS and without-FNS condi-
tions for systolic blood pressure (SBP), diastolic blood pressure
(DPB), and heart rate (HR), at each degree of tilt.

The DBP showed a progressive decrease with
increasing tilt angle from 0° to 30°, then tended to plateau
between the 30° and 60° angle of tilt. For all test angle
positions, the without-FNS DBP was lower than for the
with-FNS DBP. The ANCOVA revealed significant test
position (tilt angle) and treatment (with or without FNS)
main effects (p<0.05). The test of interaction was not sig-
nificant (p=0.34). The mean ANCOVA-adjusted DBP
values are presented in Table 3. Based on between-treat-
ment pairwise contrasts, the differences in DBP for 0°,
15°, and 60° were not significant. However, for the 30°
and 45° test positions, the DBP without FNS was lower
than that with FNS. The DBP decreased for both with-
FNS and without-FNS conditions, with the magnitude of
the decrease more pronounced for without FNS. The
paired #-test indicated a significant overall tilt effect in
both conditions; with and without FNS (p<0.05). The
magnitude of the with-FNS overall effect was found to be
significantly smaller than the without-FNS (p<0.05). The

ELOKDA et al. Postural Stress after Spinal Cord Injury

magnitude of the rebound (recovery minus baseline dif-
ferences values) for the condition with FNS was relative-
ly larger than the without-FNS condition. The recovery
values for both the with-FNS and without-FNS condi-
tions were slightly elevated with the magnitude of the
increase, with the with-FNS condition slightly higher.
The paired 7-test indicated a significant baseline versus
recovery difference for with FNS (p<0.05), and a non-
significant difference without FNS (p<0.05). The
rebound with FNS was not significantly different from
without ENS (p>0.05).

Table 3.
Diastolic blood pressure in mmHg*: means, standard devia-
tions, and between-treatment Tukey mean contrasts.

Tilt With FNS Without FNS P
0 69.9+1.4 70.0£1.7 0.9900
15 67.1+1.4 64.6%1.7 0.1438
30 63.6x1.4 59.5%1.5 0.0236
45 63.7£1.8 58.3%1.7 0.0128
60 61.89+1.7 60.1+1.6 0.3900

*=all values ANCOVA adjusted; Tilt=tilt sequence, in degrees.

The mean percentage change for DBP at each degree
of tilt with FNS as compared to without FNS is present-
ed in Figure 1. The magnitude of the effect of FNS on
DBP becomes greater at higher tilt angles. Indeed, with
FNS there was, on average, a 10 to 15 percent increase in
DBP.

There was a rise in HR with increasing tilt angle.
The with-FNS and without-FNS HR response lines
appeared to coincide through the 45° tilt angle. This was
followed by an abrupt increase in HR for the with-FNS
condition at the 60° tilt angle. The ANCOVA revealed
significant test position (tilt angle) and treatment (with or
without FNS) main effects (p<0.05). However, the test of
interaction was also statistically significant (p<0.05). The
mean ANCOVA-adjusted HR values are presented in
Table 4. Based on the between-treatment pairwise con-
trasts, there was only one significant difference [at 60° tilt
HR was significantly higher with ENS than without FNS
(p<0.05)]. The HR increased for both with-FNS and with-
out-FNS conditions. The paired r-test indicated a signifi-
cant overall tlt effect in both conditions; with and
without FNS (p<0.05). The magnitude of the HR increas-
es for the with versus without conditions was not signifi-
cantly different (p<0.05). The recovery HR was lower
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than baseline for both the with- and without-FNS condi-
tions. However, the without-FNS decrease was more pro-
nounced. The paired r-tests indicated a significant
baseline versus recovery difference for without FNS
(p<0.05), but a nonsignificant difference with FNS
(p<0.05). The magnitude of the rebound without FNS

was significantly greater than the without-FNS rebound
(p<0.0°5).

Table 4.

Heart rate (beats per minute)*: means, standard deviations,
and between-treatment Tukey mean contrasts.

Tilt With FNS Without FNS P
0 77.0£1.2 74.2+1.4 0.1443
15 82.8+1.2 85.0+1.2 0.2100
30 92.3%1.2 92.1+1.3 0.9200
45 98.5£1.5 97.1£1.6 0.5100
60 112.7+1.4 104.9+1.4 0.0001

*=all values ANCOVA adjusted; Tilt=tilt sequence, in degrees.

The mean percentage change for HR at each degree
of tilt with FNS as compared to not using FNS is pre-
sented in Figure 1. The effect of FNS on HR was more
variable at all angles; however, the HR was always
greater with FNS.

DISCUSSION

Rehabilitation specialists are challenged to design
and implement patient rehabilitation programs for acute
spinal cord injury that will be safe while still adequately
addressing the sequelae of prolonged recumbency and
bedrest. These sequelae may include but are not restrict-
ed to orthostatic hypotension (19), lower limb edema
(22), deep venous thrombosis (23), pulmonary embolism
(22), hypercalciuria (24), osteoporosis (25,26), and meta-
bolic and physiological deteriorations (27). Orthostatic
training is a cornerstone to rehabilitating an individual
with acute spinal cord injury because it encourages early
weight bearing on the lower extremities and facilitates
early transition to wheelchair mobilization. Tilt table con-
ditioning is an accepted procedure for the clinical treat-
ment of orthostatic hypotension (6,7,8). With regard to
individuals with spinal cord injury, FNS has been used
primarily with arm crank exercise, and in one report the
combination of arm crank exercise, tilting, and FNS was

used in individuals with chronic spinal cord injury. One
study investigated the effect of tilting and FNS without
arm crank exercise. This study represents the first con-
trolled study that systematically investigates the com-
bined effects of multiple angles of tilting and FNS in
individuals with acute spinal cord injury.

The outcome variables of SBP, DBP, and HR were
used to assess the treatment efficacy. The results of this
study showed a progressive decrease in SBP and DBP
with and without FNS at 15°, 30°, 45K and 60K of tilting.
The accumulative tilting effects (0° versus maximum tilt)
showed similar findings. In all cases the decreases were
less pronounced with FNS compared to without FNS
(Figure 1). Impaired vasomotor tone leading to venous
pooling with decreased venous return and subsequent
decreased Starling effect (decreased presystolic ventricu-
lar stretch) is offered as one physiological explanation for
the observed decreases in SBP. Impaired arterial vasomo-
tor tone leading to decreased peripheral vascular resist-
ance is attributable to the observed decreases in DBP. The
application of FNS activates the muscle pump via inter-
mittent muscle contractions that produce a milking effect
of the superficial and deep veins of the legs, and the pres-
ence of venous valves allows unidirectional blood flow
towards the heart. The enhanced venous return increases
ventricular filling and End Diastolic Volume. The net
effect of this increased preload stretch is an increase in
ventricular contractility with concomitant increases in
stroke volume and SBP.

The findings of this study showed an increase of
SBP that is consistent with those reported by Davis et al.
(14), who studied the effect of FNS in reversing venous
pooling induced by progressive orthostatic challenge
(tilting 0°, 30°, 70°) in men with paraplegia. In the present
study, the observed mean decrease of 11 mmHg appears
to be comparable to that presented by Davis et al. (14).
This is in contrast with the findings of Figoni et al. (13),
who studied the effect of FNS with and without arm
crank exercise at 0°, 30°, and 70°g tilt angles and report-
ed no significant change in SBP. Although Davis et al.
(14) and Figoni et al. (13) used the same FNS, they did
not achieve a consistent result on SBP, which may reflect
the differences between arm crank and tilting. In the pre-
sent study, DBP showed a progressive drop during tilting,
and FNS appeared to attenuate this drop in DBP. The
results of Davis et al. (14) showed no significant differ-
ence in DBP between FNS and non-FNS conditions. The
ability of FNS to attenuate the drop in DBP may be
explained as a passive mechanical effect. The isometric
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contractions induced with FNS compress muscular arter-
ies, reducing blood flow, and thus creating a higher total
peripheral resistance, which would raise the DBP. In con-
trast to the decreased responses seen with blood pressure,
HR increased subsequent to tilting. Increased sympathet-
ic reflex activity to maintain an acceptable cardiac output
is thought to explain the inverted HR response; however,
this does not seem plausible because this was observed in
our acute and complete tetraplegic subjects who should
have limited sympathetic drive. Increased cate-
cholamines secretion in blood by the adrenal medulla
stimulating the adrenergic receptors in the heart may be
an alternative factor that contributes to the observed
increase in HR (28).

The exaggerated HR response at the 60° tilt position
is somewhat difficult to interpret. A possible explanation
may be the accumulative metabolic effect of repeated iso-
metric muscle contraction associated with FNS. Although
hemoglobin oxygen saturation was not analyzed in this
study, percent saturation was monitored for patient safe-
ty. Of interest was the observation that in all individuals,
desaturation was noted at the maximum tilt position with
FNS conditions. This finding suggests potential anaero-
bic muscle metabolism. The end products of hypoxemia
(decreased PaO,), and hypercapnia (increased PaCO,)
may have had led to a chronotropic increase in HR via
stimulation of the central (cardiac acceleratory center of
the medulla oblongata) and peripheral (carotid and aortic
bodies) chemoreceptors (17).

The results of this study suggested a rebound effect
supported by the significant rise in SBP and DBP, and a
reflex inhibition of HR, associated with returning the
body from maximum tiit to 0° of recovery. The observed
rise in SBP may be due to an abolished effect of gravity.
The abrupt return to the horizontal position would have
augmented venous return, eliciting an immediate Starling
effect with subsequent increases in blood pressure and
activation of the baroreceptor reflex to decrease HR. This
rebound phenomenon was also noticed by Cobert and
Frankel during their study of individuals with tetraplegia
when they returned them to the horizontal position from
45° tilting (29). The therapeutic benefit of this rebound
effect is unknown, but it may have physiological benefits.

CONCLUSION

In summary, the present study represents a con-
trolled investigation of FNS and upright tilting in indi-
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viduals with acute spinal cord injury. The results support
the hypothesis that FNS is effective at maintaining SBP,
DBP, and HR during upright test maneuvers after acute
paralysis. The findings suggest a reduced venous pooling
subsequent to observed attenuation of induced decreases
in SBP and DBP with lessened compensatory increases in
HR. These findings suggest that FNS can be used effec-
tively to reduce orthostatic hypotension in the clinical
setting for patients with acute spinal cord injury. Further
research is recommended to examine the precise mecha-
nisms contributing to cardiovascular adaptations when
using FNS and to establish the long-term clinical effica-
cy of using FNS to reduce orthostatic hypotension in indi-
viduals with spinal cord injury.
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