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Assessing the capacity of the sympathetic nervous system to
respond to a cardiovascular challenge in human spinal cord injury

R Brown'! and VG Macefield'?

ISpinal Injuries Research Centre, Prince of Wales Medical Research Institute, Sydney, New South Wales, Australia and
2School of Medicine, University of Western Sydney, Sydney, New South Wales, Australia

Study design:

Measurement of haemodynamic responses and cutaneous blood flow during an

inspiratory-capacity apnoea following spinal cord injury (SCI).

Objective:
challenge following SCI.
Setting:

Subjects:
control subjects.
Methods:

To assess the capacity of the sympathetic nervous system to respond to a cardiovascular

Prince of Wales Medical Research Institute, Australia.
Thirteen spinal cord injured subjects with injuries ranging from C5-T8 and eight able-bodied

Continuous blood pressure, an electrocardiogram, respiration and cutaneous blood flow

were recorded during a static maximum inspiratory breath-hold for 40s.

Results:

On average, systolic blood pressure decreased 26% from baseline in the spinal group during

the breath-hold and remained below baseline throughout the entire apnoeic period. Heart rate in this
group had an initial decrease from baseline but quickly increased throughout the breath-hold, being
17% above baseline in the recovery period. Systolic pressure in the control group decreased 12% from
baseline at the beginning of the breath-hold but quickly stabilized for the remainder of the apnoea, with
heart rate initially decreasing 22% and remaining below baseline throughout the breath-hold.

Conclusion: A maximal inspiratory breath-hold, which is known to cause a sustained increase in
muscle sympathetic nerve activity, is a simple test to perform in supine spinal cord-injured subjects, and
provides information on the capacity of muscle and splanchnic vasoconstrictor activity to increase blood
pressure in SCI. A sustained decrease in blood pressure, coupled with an increase in heart rate, infers

interruption of sympathetic vasoconstrictor pathways to muscle and splanchnic vascular beds.
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Introduction

A major consequence of spinal cord injury (SCI) is loss of
sympathetic control of blood pressure (BP) through interrup-
tion of descending vasomotor tracts. While reflexly evoked
increases in sympathetic vasoconstrictor activity can lead to
dangerous elevations of BP, a phenomenon known as auto-
nomic dysreflexia,'™ the absence of resting vasoconstrictor
drive leads to a low resting BP and the inability to compensate
for postural challenges—orthostatic hypotension.®
Orthostatic hypotension that affects individuals with SCI
due to interruption of sympathetic vasoconstrictor outflow
from supraspinal control is exhibited by a sudden decrease in
BP associated with tachycardia upon postural changes.?
Sympathetic nervous system dysfunction,*® altered barore-
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flex function’ and cardiovascular deconditioning® are some
of the factors thought to be responsible for orthostatic
hypotension following SCI. In able-bodied individuals, the
same postural change causes an increase in BP with virtually
no change in heart rate (HR).’

We know that in the able-bodied during an inspiratory-
capacity apnoea with the glottis closed and the inspiratory
muscles relaxed, there is a reflex increase in muscle
sympathetic nerve activity (MSNA) that is sustained for the
period of the apnoea.'® Cutaneous sympathetic nerve
activity increases transiently at the onset and offset of the
inflation, but not throughout the entire apnoea. There is also
a fall in systolic and diastolic pressures during the first half of
the manoeuvre, with a return to baseline values in the
second half of the manoeuvre.!' It is believed that the
increase in MSNA is due to unloading of the low pressure
baroreceptors.

This extends from our recent work in which we used
indirect measures of cutaneous sympathetic nerve activity
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(cutaneous vasoconstriction and sweat release) to assess the
integrity of sympathetic pathways through and below a
spinal lesion. We looked at reflex increases in sympathetic
nerve activity (SNA) and found skin blood flow to be a robust
measurement of cutaneous sympathetic activation. Conti-
nuing on from this, we are now looking at an indirect
measure of MSNA (and splanchnic) by using continuous BP
and HR recordings to assess the capacity of the sympathetic
nervous system to respond to cardiovascular challenges
following an SCI.

Methods

Experiments were performed on 13 male SCI subjects; 6
paraplegic subjects (T3-T8; ASIA A-C) and 7 quadriplegic
subjects (C5-C8; ASIA A-C) and in 8 healthy able-bodied
controls. All subjects gave written (or oral and witnessed)
informed consent, and the study received ethical approval
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from the Human Research Ethics Committees of The
University of New South Wales and Prince of Wales Hospital.

Procedure

Subjects were studied resting in a semi-reclined position,
with BP monitored non-invasively using radial artery
tonometry (CBM-7000, Colin Corp., Japan) and an electro-
cardiogram (ECG) via standard Ag-AgCl ECG chest leads.
Changes in skin blood volume, reflecting changes in skin
blood flow, were recorded via infrared pulse plethysmograph
probes. These were placed on the pad of a finger only for the
able-bodied individuals, and on a finger and toe for the
spinal-injured subjects (infrared plethysmograph, ADInstru-
ments, Castle Hill, New South Wales, Australia). Respiratory
movements were recorded by a strain gauge transducer
attached to a strap around the chest (Pneumotrace, Morro
Bay, CA, USA).
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Figure 1 Blood pressure (radial arterial tonometry), heart rate and skin blood flow (infrared (IR) plethysmography, finger) responses to an

inspiratory-capacity apnoea in an able-bodied subject. The black bar represents the period of the manoeuvre. Note the initial brief fall in blood

pressure coincides with the initial fall in skin blood flow.
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After recording a 10min resting period a sustained
inflation of the lungs was brought about by a maximal
voluntary inhalation (to inspiratory-capacity) and main-
tained for at least 30s by closure of the glottis. This was
repeated a number of times in most subjects after an
adequate rest period.

Analysis

Analysis of all data was performed by computer, which for
each subject found the R waves of the ECG and computed
systolic and diastolic pressures and calculated mean pressure
and HR. Changes in skin blood flow were measured from the
pulse amplitude taken from the raw plethysmography trace.
The raw plethysmography trace was digitally filtered and an
amplitude channel derived from this.

For a total of 50 R-waves systolic, diastolic and mean
pressures, HR and skin blood flow were measured, with an
additional 12 R-waves being measured during recovery.
Averages were also calculated over a 10s baseline prior to
the apnoea, and over 10s periods before and after the end of
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the manoeuvre, and the peak response measured as the
lowest point of the BP and HR response. The paired t-test was
used to show statistical significance between the able-bodied
and spinal groups. A probability level of less than 5% (one
tailed) was regarded as significant.

Statement of ethics. We certify that all applicable institu-
tional and governmental regulations concerning the ethical
use of human volunteers were followed during the course of
this research, and all experiments were conducted with the
understanding and consent of each subject.

Results

Experimental records from an able-bodied subject are shown
in Figure 1. BP showed a precipitous fall at the beginning of
the static lung inflation but rapidly recovered, remaining
close to baseline for the remainder of the apnoea. HR
increased during the inflation phase but quickly decreased
and remained below baseline for the entire manoeuvre.

il WWWMMWMMMMMMWMMMMMMMMWMWWMNMMW

\_,—f—'_J_J o

sot

100 heart rat:
BPME eart rate
8oL "

. IR plethysmogram - high pass (finger)

20

_ IR plethysmogram - pulse amplitude (finger)

T l—
mv - _\_\—

W\NWWMWWWMMMWWMMMWWWMWMW\MMWWMWW

T

— L

ol
IR plethysmogram - high pass (toe)
10—

o
o IR plethysmogram - pulse amplitude (toe)

mvV —

ol

_0.1_,\‘,f’_\r~/

e AR BAAAABALAAASALAAIAL M AR AR

R o A

I

03— _ [\’\‘\%‘_‘f
respiration W
ViE \//A\M_,/‘/\,\A

S —
S5s

Figure 2 Blood pressure (BP), heart rate and skin blood flow (recorded from a finger and toe) responses to an inspiratory-capacity apnoea in a
C5 ASIA A spinal patient. The black bar represents the period of the manoeuvre. Note the sustained fall in BP and skin blood flow and the

progressive increase in heart rate.
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Cutaneous blood flow in the hand decreased in the initial
stage of the apnoea, increased after ~10s and then showed a
secondary fall after ~20s. Records from a subject with SCI
are shown in Figure 2. This subject sustained a CS5 lesion 4 1/
2 months previously and could still perform the maximum
inspiratory apnoea and generate a large fall in intrathoracic
pressure—as evidenced by the decrease in diastolic and
systolic pressures. Unlike the able-bodied subject, the fall in
BP in this subject not only remained well below baseline for
the entire apnoea, but also took considerable time to recover
after the resumption of breathing. Like the control subject,
HR in this subject increased during the inflation phase and
decreased at the onset of the static phase. However, it then
showed a progressive increase throughout the apnoea.
Perfusion in both the hand and foot decreased quickly and
remained below baseline for the entire breath-hold; recovery
of cutaneous flow was rapid upon resumption of breathing.

Average changes in systolic, diastolic and mean pressures,
as well as HR, for both control and SCI groups are shown in
Table 1. Note that the resting systolic and diastolic pressures
were lower in subjects with SCI. The average duration of the
inspiratory-capacity apnoea was 37 +4s for the able-bodied
and 38 £ 45 for the SCI groups.

Blood pressure and heart rate responses in able-bodied and spinal
groups

In the able-bodied group, BP rapidly fell during the apnoea,
reaching its nadir within 10s. On average, the maximal falls
in systolic and diastolic pressure were 16 £ 6 mm Hg (12%)
and 14+4mmHg (19%), respectively. In the SCI group,
systolic pressure fell by 31 £ 8 mm Hg (26%) and diastolic by
17+6mmHg (26%). The peak fall in mean BP was
significantly greater in the SCI group than in the able-bodied
group (P=0.01; paired t-test); the same was true for the
mean BP during the static phase (10s prior to the end of the
manoeuvre; P=0.002). Importantly, systolic and diastolic
pressures remained low for the duration of the apnoea in the
SCI group, although in four subjects—CS5 ASIA C, TS ASIA A,
TS ASIA B, T8 ASIA C—BP did recover towards the end of the
manoeuvre (presumably due to their increase in HR).
Conversely, diastolic pressure in the able-bodied group
recovered during the apnoea, showing some overshoot in
the static phase of the manoeuvre; systolic pressure was
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slightly lower than baseline, resulting in a lower pulse
pressure during the manoeuvre.

Heart rate showed the greatest difference in the two
groups. In the control group, HR not only dropped by
16 £2b.p.m. (22%) at its lowest point, it was still well below
baseline by the end of the apnoea. In the SCI group, HR also
fell (10+5b.p.m., 13%) at the beginning of the apnoea, but
in 9 of the 13 subjects there was a rapid reversal after 10s
that led to HR showing a linear increase during the
remainder of the apnoea, with the other 4 subjects having
an HR increase closer to the end of the manoeuvre; during
the recovery period, HR remained elevated, reaching a
maximum of 13 £ 5b.p.m. (17%) above baseline.

Cutaneous blood flow in able-bodied and spinal groups

For the able-bodied group, skin blood flow in the hand
decreased from baseline by almost half at the beginning of
the apnoea, returning to baseline levels within 15 s (Figure 3).
Towards the end of the apnoea, there was a further decrease
in flow, which returned to control levels within the recovery
period. However, in the SCI group perfusion in both the
hand and the foot not only fell rapidly in the initial stage of
the apnoea, but also remained low for the duration of the
apnoea. Data from the foot are shown in Figure 3.

Blood pressure and heart rate responses in paraplegics and
quadriplegics

Average data from the SCI patients were further compared
after dividing the group into those with cervical lesions (C5-
C8, n=7) and those with thoracic lesions (T3-T8, n=6). As
illustrated in Figures 4a and b, the fall in arterial pressure was
more pronounced for the quadriplegic group, with the
paraplegics showing some recovery during the manoeuvre.
Resting HR was lower in the quadriplegics, but the initial
increase during the inflation phase—and subsequent fall-
—was similar in the two groups. However, HR showed a
greater increase during the static phase for the paraplegics.

Cutaneous blood flow in paraplegics and quadriplegics

There were no differences in the two groups: cutaneous
blood flow in the hand (Figure 4d) and foot (not shown) fell
sharply at the beginning of the apnoea and remained at
~50% of control for the duration of the manoeuvre.

Table 1 Average changes in systolic, diastolic and mean arterial pressures and heart rate for 8 able-bodied subjects and 13 spinal subjects (in bold) at
rest, during an inspiratory—capacity apnoea and during recovery
AB vs SCI Baseline Peak response Static response Recovery
Systolic pressure (mm Hg) 133+6 117+6" 1337 134+7
117 +£5% 868+ 95 + 9T+ 107 +8**
Diastolic pressure (mm Hg) 72+4 58+4" 79t5 77t5
65+3 48+6' 56+ 6** 63+ 5*
Mean pressure (mm Hg) 93+4 79 +47 98+6 976
8314+ 61£67* 69+ 7 78+ 6*
Heart rate (b.p.m.) 74+4 58+ 2 67+3 62+47
75+5 65+5 81+6* 88 £ 57 **

Abbreviations: AB, able-bodied; b.p.m., beats per minute; SCI, spinal cord injury.

Values are presented as mean *s.e. With the exception of the peak response, all data were calculated over 10s periods.
Statistics refer to differences between able-bodied and spinal groups: *P= <0.05; **P= <0.01; ***P= <0.001 and differences from baseline within a group:

P=<0.05; "TP=<0.01.
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Figure 3 Average data from eight able-bodied subjects (filled
circles) and 13 spinal cord-injured subjects (open circles) at rest,
during an inspiratory-capacity apnoea and during recovery. The
dashed lines represent the standard errors. The numbers on the
abscissa refer to the number of R waves. The black bar represents
the period of the manoeuvre. Skin blood flow was recorded from
the finger of able-bodied subjects and data from the toe are
included from the spinal cord-injured subjects.
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Discussion

We have shown for the first time that SCI compromises the
capacity of the cardiovascular system to respond to a
maximal inspiratory breath-hold (inspiratory-capacity ap-
noea). Whereas in able-bodied subjects, the initial fall in BP
at the onset of the manoeuvre was followed by a compensa-
tory increase in diastolic pressure, both systolic and diastolic
pressures remained low in the SCI group. Moreover, while
the sustained hypotension led to a compensatory increase in
HR in the SCI group—presumably due to a baroreflex-
mediated withdrawal of cardiac vagal tone—there was no
increase in the control subjects. This, coupled with the
sustained fall in arterial pressure, provides differentiation in
the response of able-bodied and SCI individuals to this
manoeuvre and thereby presents as a possible additional test
for assessing cardiovascular capacity in SCI.

Blood pressure and heart rate responses during inspiratory-
capacity apnoea
We know that BP falls precipitously at the beginning of a
maximal inspiratory breath-hold. Presumably, this is due to
the reduction in stroke volume because the high intrathor-
acic pressure has reduced venous return to the heart.'! The
reduction in HR may be due to reflex effects brought about
by the fall in BP and changes of central venous pressure.'®
As noted in the Introduction, it has been previously shown
that—in able-bodied subjects—a maximal inspiratory
breath-hold against a closed glottis (inspiratory muscles
relaxed) causes a sustained increase in SNA to the muscle
vascular bed.'®!! This increase in MSNA—and its absence in
SCI—explains the BP responses that were found in our study.
The BP responses we found in the spinal-injured group are
what we would expect to find after SCI, given that in
complete and incomplete lesions the descending sympa-
thetic drive to the muscle vascular beds have often been
interrupted.'? We know from microneurographic recordings
in SCI that MSNA is absent at rest'® and is not evoked during
an inspiratory-capacity apnoea (Macefield et al., unpublished
observations). Due to this lack of sympathetic control—and
the fact that the vagus nerve is still intact—the only means
available to counteract the fall in arterial pressure during the
manoeuvre is to increase HR. Indeed, HR was well above
baseline levels during the static phase and continued to rise
throughout the apnoea, presumably due to withdrawal of
vagal tone to the heart. However, it would appear (Figures
3a—c) that this compensatory tachycardia is not sufficient to
elevate BP to baseline levels.

Cutaneous blood flow during inspiratory-capacity apnoea

We know that skin sympathetic nerve activity (SSNA) does
not show a sustained increase during the apnoea in able-
bodied subjects'’ and spinal subjects (Macefield et al.,
unpublished observations), but changes in skin blood flow
during this manoeuvre had never been reported in the
literature. We were surprised at the skin blood flow changes
we observed in both the able-bodied and SCI groups: while a
transient increase in SSNA would account for the initial fall
in flow in the able-bodied subjects it could not account for
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Figure 4 Average data from six paraplegic (filled circles) and seven
quadriplegic subjects (open circles) at rest, during an inspiratory-
capacity apnoea and during recovery. The dashed lines represent the
standard errors. The numbers on the abscissa refer to the number of
R waves. The black bar represents the period of the manoeuvre. Skin
blood flow was recorded from the fingers of both groups.

the fall in the spinal subjects. Moreover, one would not
expect skin blood flow to remain low given the lack of
sustained cutaneous sympathetic nerve activity, yet blood
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flow remained low in the SCI group and showed a transient
increase in the able-bodied group. We suggest that the
apparent cutaneous vasoconstriction observed in the SCI
group is no more than the expected behaviour of passive
blood vessels exposed to a low arterial pressure and hence a
low perfusion pressure. Conversely, for the able-bodied
subjects, the increase in BP would cause an increase in
perfusion pressure and hence an increase in skin blood flow.
We are at a loss to explain why this increase reverted to a fall
towards the end of the apnoea, other than to speculate that
the secondary fall in HR may contribute to a reduction in
perfusion (Figure 3d).

Limitations

One might expect that the production of a large inspiratory
effort would be greatly compromised in the quadriplegics,
given that their intercostal muscles are paralysed. Accord-
ingly, the fall in intrathoracic pressure and, hence, the fall in
BP generated during an inspiratory-capacity apnoea may
reasonably be expected to be lower in the quadriplegics.
Despite this, the hypotension was greater in these indivi-
duals, arguing against respiratory muscle weakness as being a
limiting factor in their capacity to perform the manoeuvre.
Apparently, the diaphragm alone is sufficient to generate an
adequate response.

Conclusions

A maximal inspiratory breath-hold—which is known to
cause a sustained increase in MSNA in able-bodied subjects-
—is a simple test to perform in supine spinal cord-injured
subjects, and provides information on the capacity of muscle
(and splanchnic) vasoconstrictor activity to increase BP.
Using non-invasive monitoring of BP and HR, we are able to
assess the capacity of the sympathetic nervous system to
respond to a cardiovascular challenge: a sustained decrease
in BP, coupled with an increase in HR, infers interruption
of sympathetic vasoconstrictor pathways to muscle (and
splanchnic) vascular beds. This may be a useful and simple
assessment tool to use in the acute stage of SCI to determine
the degree of hypotension an individual may suffer when
moving into an upright position for the first time.
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