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Background: Fluctuations in 24-hour cardiovascular hemodynamics, specifically heart rate (HR) and blood
pressure (BP), are thought to reflect autonomic nervous system (ANS) activity. Persons with spinal cord injury
(SCI) represent a model of ANS dysfunction, which may affect 24-hour hemodynamics and predispose these
individuals to increased cardiovascular disease risk.

Objective: To determine 24-hour cardiovascular and ANS function among individuals with tetraplegia (n = 20;
TETRA: C4-C8), high paraplegia (n=10; HP: T2-T5), low paraplegia (n=29; LP: T7-T12), and non-SCI
controls (n=10). Twenty-four-hour ANS function was assessed by time domain parameters of heart rate
variability (HRV); the standard deviation of the 5-minute average R-R intervals (SDANN; milliseconds/ms),
and the root-mean square of the standard deviation of the R-R intervals (rMSSD; ms). Subjects wore 24-hour
ambulatory monitors to record HR, HRV, and BP. Mixed analysis of variance (ANOVA) revealed significantly
lower 24-hour BP in the tetraplegic group; however, BP did not differ between the HP, LP, and control
groups. Mixed ANOVA suggested significantly elevated 24-hour HR in the HP and LP groups compared to
the TETRA and control groups (P < 0.05); daytime HR was higher in both paraplegic groups compared to the
TETRA and control groups (P < 0.01) and nighttime HR was significantly elevated in the LP group compared
to the TETRA and control groups (P < 0.01). Twenty-four-hour SDANN was significantly increased in the HP
group compared to the LP and TETRA groups (P < 0.05) and rMSSD was significantly lower in the LP
compared to the other three groups (P < 0.05). Elevated 24-hour HR in persons with paraplegia, in concert
with altered HRV dynamics, may impart significant adverse cardiovascular consequences, which are
currently unappreciated.
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Introduction Reductions in nocturnal SNA, HR, and BP and rela-

The autonomic nervous system (ANS) is believed to
play an integral role in the maintenance of 24-hour car-
diovascular hemodynamics, and changes in sympathetic
nerve activity (SNA) relate to daytime versus nighttime
heart rate (HR), and blood pressure (BP).'!
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tive increases in vagal tone” during non-rapid eye move-
ment (REM) sleep are thought to be cardioprotective.
Absence or diminution of nocturnal reductions in HR,
BP, and SNA are associated with increased incidence
of stroke,’ congestive heart failure,* and cardiovascular
morbidity.” Therefore, 24-hour, daytime and nighttime
variation in cardiovascular hemodynamics and auto-
nomic function may provide insight into long-term
cardiovascular health and/or disease risk.
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Cardiovascular disease (CVD) has emerged as a
leading cause of mortality in persons with chronic
spinal cord injury (SCI), exceeding renal and pulmonary
complications.® ® Increased morbidity due to CVD,
especially coronary heart disease (CHD), is reported
in individuals with SCI’ and the incidence of CVD
may occur earlier in life compared to the non-SCI popu-
lation.® Current literature on 24-hour cardiovascular
and autonomic function in the SCI population has
focused on individuals with tetraplegia®'* and one
paper considered the model of paraplegia as the
control.'”” Nevertheless, there is evidence suggesting
that individuals with paraplegia are at increased risk
for CVD,'® silent ischemia,'” and CHD,'® and the rela-
tive risk of CHD has been described as 70% greater
in individuals with chronic paraplegia compared to
individuals with chronic tetraplegia.” Furthermore, a
recent series of publications found that a third of the
Swedish paraplegic population is at greater risk for
CVD disease than age-matched non-SCI controls.'®2!

The evidence of increased CVD risk in persons with
paraplegia and the paucity of literature focused on
24-hour cardiovascular hemodynamic and autonomic
function in these individuals have prompted this study.
The objectives were to describe 24-hour HR, systolic
BP (SBP), and time-domain parameters of HR variabil-
ity (HRV) in individuals with high paraplegia and low
paraplegia compared to individuals with tetraplegia
and age-matched non-SCI controls. We hypothesized
that 24-hour SBP would be significantly lower in the
group with tetraplegia, but would not differ among the
paraplegic and control groups. Although empirical
data are lacking, we hypothesized that 24-hour HR
would be elevated in subjects with HP and LP compared
to the tetraplegic and control groups. Finally, we
hypothesized that 24-hour HRV would be reduced in
the tetraplegic and paraplegic groups compared to the
non-SCI controls, thus implicating autonomic dysregu-
lation as a potential contributor to the cardiovascular
dysfunction.

Methods

Subjects

Forty-nine individuals volunteered to participate in the
investigation: 20 with tetraplegia (TETRA: C4-C8),
10 with high paraplegia (HP: T2-T5), and 9 with low
paraplegia (LP: T7-T12) and 10 non-SCI (controls).
Subjects within each study group were matched for
gender, age, height, and weight and were recruited
based on a convenience sample of the population at
the two testing sites. Study subjects did not have a
history of cardiovascular disease or diabetes mellitus;
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they were not taking prescription medications for any
cardiovascular or autonomic condition; and all were
current non-smokers. Subjects with SCI were neurologi-
cally stable, at least 1-year post-injury and used a wheel-
chair as their primary means of mobility. The level and
completeness of SCI were determined by a complete
neurological examination conducted as per the
International Standards at the time of testing in 70%
of the study sample; in the other 30% the American
Spinal Injury Association (ASIA) Impairment Scale
(AIS) classification score was based on a clinical exam-
ination within the preceding 12 months. Because level of
physical fitness may contribute to 24-hour cardiovascu-
lar and autonomic function, we assessed individual exer-
cise participation in all subjects with a self-report survey.
Study participants were recruited from the Center of
Excellence for the Medical Consequences of SCI at
the James J Peters Veterans Affairs Medical Center
and Kessler Institute for Rehabilitation; study pro-
cedures were approved by the Institutional Review
Boards at both institutions. Written informed consent
was obtained prior to performing any study procedure,
which followed institutional guidelines.

Protocol procedures

Subjects visited the laboratory between 8:00 am and
10:00 am after a light breakfast and having avoided caf-
feine, alcohol, and heavy exertion (i.e. exercise) for 24
hours prior to arrival. The study involved two consecu-
tive visits to the laboratory: Day 1, subjects were instru-
mented with two ambulatory monitors for recording BP
and HR over a 24-hour period, Day 2, subjects returned
the ambulatory monitors and discussed the events of the
prior 24-hour period. During the 24-hour observation,
subjects were instructed to maintain their routine activi-
ties while avoiding exercise and excessive physical exer-
tion. Subjects with SCI who perform regimented
bowel care routines were asked to avoid scheduling
testing on these days, if possible, and control subjects
were asked to avoid standing and remained in a wheel-
chair during the daytime to avoid significant orthostatic
influences on cardiovascular hemodynamics or auto-
nomic function.

Subjects maintained a log to indicate the times that
they went to bed (recumbancy), fell asleep, and woke-
up in the morning. Although the subjects were
instructed to have a ‘normal’ night of sleep and to stay
awake during the day, cases of daytime sleep and night-
time insomnia were noted. As it has been reported that
daytime sleep can underestimate nocturnal dipping
status,?? naps were excluded from the daytime averages
and periods of insomnia were excluded from nighttime
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averages. As such, wakeful and sleep periods were indi-
vidualized per subject, regardless of the time when an
individual went to bed.

Twenty-four hour blood pressure

BP was measured with an Ambulatory Blood Pressure
Monitor (90207 ABPM; SpacelLabs Corp., Troy, MI,
USA), and in most subjects the brachial artery of the
non-dominant arm was used. The monitor was pro-
grammed to obtain BP readings every 20 minutes
during the day and at 20-30-minute intervals during
the night. The BP values were averaged hourly and a
summary of systolic (SBP), diastolic (DBP), and mean
arterial pressure (MAP) was obtained for the 24 hour,
daytime and nighttime periods. As mentioned above,
manual review and adjustment was made to the
average daytime and nighttime periods based on indi-
vidual sleep and wake logs. The nocturnal dip in SBP
(SBPdip) was calculated as follows: (average SBP
nighttime — average SBP  daytime)/average SBP
daytime) x 100.%

Twenty-four-hour HR

HR was assessed using a Holter monitor (Brentwood
IQMark EZ Holter, Midmark Diagnostics Group,
Torrance, CA, USA); a three-lead continuous electro-
cardiogram (ECG) provided the average hourly HR,
and daytime and nighttime HR was calculated based
on the sleep and wake log for each subject. The noctur-
nal dip in HR (HRdip) was calculated as: (average
HR nighttime — HR average daytime)/average HR
daytime) x 100.%

Twenty-four-hour time-domain heart rate
variability

The Holter monitor also provided 24-hour time-domain
parameters of heart rate variability (HRV), which reflect
autonomic cardiac tone.?* ?® The 24-hour ECG record-
ings were reviewed and edited for ectopic and missing
beats and artifact. The parameters reported include:
the standard deviation of the 5-minute average R-R
intervals (SDANN; millisecond/ms) and the root-

Table 1 Subject demographic characteristics
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mean square of the standard deviation of adjacent
R-R intervals (rMSSD; ms). SDANN reflects the stan-
dard deviation of the R-R intervals across the data set
while the rMSSD is the standard deviation of the differ-
ence in adjacent R—R intervals throughout the data
segment. It has been suggested that the SDANN
measures cycle length variability (CLV), which is influ-
enced by diurnal trends in HR, reflecting short-term
sympathetic influences and vagal tone. On the other
hand, the rMSSD measures variability in adjacent
cardiac cycles and has been demonstrated to strongly
reflect vagal tone in healthy controls and post-myocar-
dial infarction.>*~>8

Data analysis

Data were analyzed using a statistical analysis program
(StatView, SAS Institute, Berkley, CA). Factorial
ANOVA was used to test for significant group differ-
ences in demographic parameters and mean 24-hour
cardiovascular and autonomic data. Mixed ANOVA
models were created to test for significant main effects
for group (TETRA, HP, LP, controls) and time (hour),
and significant interaction effects for HR, SBP, and
HRYV over the entire 24-hour period, as well as for the
individualized daytime and nighttime periods.
Multiple regression analyses were used to determine
the influence of 24 hour HR on group differences in
SDANN and rMSSD, the Bryant-Paulson generaliz-
ation of the Tukey HSD procedure was used to deter-
mine significant pair-wise comparisons on the adjusted
group means. Statistical significance was set at an
alpha level of P < 0.05.

Results

Mean demographic data are presented for the study
groups (Table 1). There were no statistically significant
differences for age, height, or body mass among the
groups, and 84% of the study population was male.
The number of female subjects was comparable, and
did not exceed 25% in any one study group. Findings
on 24-hour cardiovascular and autonomic function did

Controls (n=10)

Low paraplegia (n =9)

High paraplegia (n =10) Tetraplegia (n = 20)

Age (years) 40+ 10 43+10
Height (cm) 173+10 180 + 6
Weight (kg) 79+15 84 £ 17
Male number (%) 8 (80) 7(78)
BMI (kg/m?) 26.6 £5.1 26.0+4.7
Level of injury - T7-T12
DOl (years) - 12+ 11

43+ 13 42+ 8
179+ 6 176 + 9
91 + 21 80 + 21
9 (90) 17 (85)
28.2+6.0 258+59
To-T5 C4-C8
14 + 11 19 = 11

Data are means + SD; BMI, body mass index; DOI, duration of injury.
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Table 2 Characteristics of the spinal cord injury
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Table 3 Description of physical activity

Age Level Duration Comp/inc AIS
Tetraplegia

45 C6 29 Incomplete B
42 C5 25 Complete A
46 C5 20 Complete A
42 C5 10 Complete A
54 Ccé 37 Incomplete B
41 C4 2 Complete A
30 C7 2 Complete A
35 Ch 17 Incomplete C
48 C5 19 Complete A
38 C4 13 Complete A
47 C5 22 Incomplete D
51 C5 37 Complete A
36 C5 17 Complete A
43 Cc8 13 Incomplete B
34 C5 17 Complete A
34 Ch5 9 Complete A
43 C4 37 Incomplete C
60 C8 28 Complete A
38 C5 20 Complete A
26 C5 8 Complete A
High paraplegia

50 T3 5 Complete A
25 T3 2 Complete A
49 T2 17 Complete A
46 5 7 Complete A
33 T2 7 Complete A
59 T3 26 Complete A
59 T3 31 Incomplete B
27 T2 7 Complete A
30 T3 5 Incomplete B
54 T4 28 Complete A
Low paraplegia

46 T10 2 Complete A
50 T7 5 Complete A
58 T12 28 Complete A
33 T10 5 Complete A
42 T8 21 Complete A
27 T11 11 Complete A
35 T10 4 Complete A
46 T7 28 Complete A
48 T9 6 Complete A

not differ between genders; however, this may be
attributable to the small representation of females.
Individual demographic data for the subjects with SCI
are presented (Table 2). All subjects with SCI were
chronically injured (2-37 years) and 31 of 39 subjects
were classified as having complete loss of motor and
sensory function (AIS A). Since the data for 24-hour
HR, SBP, and HRYV did not differ by completeness of
injury (data not shown) we have included both categor-
izations of injury in the analyses. Individual
exercise training regimens are presented for the 10 mod-
erately active subjects (Table 3). Participation in a
regular exercise training regimen did not significantly
improve 24 hour cardiovascular hemodynamics or auto-
nomic function in the active compared to the less active
subjects.
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Duration
Activity (minutes) Frequency
Tetraplegia (n = 3)
Pulleys, hand bike, passive 90 2x week
cycling, and bench press
Hand cycle/wheelchair racing 30-40 3-4x week
FES 30-60
Weight training 30-60 3-4x week
Weight training 90 4-5x week
Wheelchair pushing 60 1x week
High paraplegia (n = 2)
Wheel-cycle pushing/racing 60 5-7x week
Weight training 30-40 3x week
Weight training 60 5-7x week
Low paraplegia (n= 3)
Hand cycle 60 1x week
Thera-cycle 30 1x week
Weight training 30 3x week
Basketball 60-120 2x week
Hand cycling/wheelchair racing 30-60 2-3x week
Ambulate 15-30 3x week
Weight training 30-60
Controls (n=2)
Bicycling 60 3x week
Bicycling 60 2-3x week

Systolic blood pressure

To test our first hypothesis we ran a 1 x4 ANOVA on the
average 24-hour, daytime and nighttime SBP data
(Table 4). On average, 24-hour SBP was not different
among the groups; however, mixed measures ANOVA
indicated significant main effects for group (P < 0.05)
and time (P < 0.0001). Post-hoc analysis demonstrated
that 24-hour SBP was significantly lower in the
TETRA group compared to the control (P < 0.05) and
HP (P < 0.05) groups. There were no significant differ-
ences for 24-hour SBP among the HP, LP, and control
groups.

Additional mixed ANOVAs were run on daytime and
nighttime SBP. The results indicate a significant group
main effect for daytime SBP (P <0.01), such that
SBP was lower in the TETRA group compared to the
control (P <0.01), HP (P <0.01), and LP (P <0.05)
groups. Although the group main effect for nighttime
SBP was not significant, the main effect for time was sig-
nificant, regardless of group (P < 0.0001), suggesting a
nocturnal dip in SBP. Further analysis confirmed pre-
vious findings'® ' of a diminished nocturnal SBPdip
in the TETRA group, which differed significantly
from the other groups (P < 0.05). (Fig. 1)

Heart rate

To test our second hypothesis, mean HR data from the
24-hour Holter monitor were compared across the
groups (Table 4). On average 24-hour HR was signifi-
cantly increased in the LP and HP groups compared
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Table 4 Mean 24-hour data
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Controls Low paraplegia High paraplegia Tetraplegia Significance

24-hour HR (bpm) 70+9 83+ 12 80+6 69 + 10 12,56
Daytime HR 75+10 87 +13 87 +9 7010 1,2,5,6
Nighttime HR 62+ 10 75+13 70+6 64+9 1,5
Nocturnal HRdip —-17+8 —-14+8 -19+7 -8+7 3,6
SDANN (ms) 112 = 31 96 + 34 140 = 45 103 + 31 4,6
rMSSD (ms) 61+ 20 30+13 46 + 10 51+20 1,4,5
24-hour SBP (mmHg) 115+8 113+13 1168 107 = 11 NS
Daytime SBP 119+8 114+ 16 116+7 103+ 12 3,56
Nighttime SBP 107 =8 102 = 11 108 + 11 106 = 10 NS
Nocturnal SBPdip -10=x5 -10 = 11 -6+10 3+10 3,56

Data are means + SD; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; SDANN,
standard deviation of the average normal R-R interval; RMSSD, root mean square of the standard deviation; Al, autonomic index.

1, control versus low paraplegia; 2, control versus high paraplegia; 3, control versus tetraplegia; 4, low paraplegia versus high
paraplegia; 5, low paraplegia versus tetraplegia; 6, high paraplegia versus tetraplegia.

—%— Controls

-—-0-- Low Paraplegia
& High Paraplegia
-—-o-—- Tetraplegia

Systolic BP (mmHg)

90 T T T T T T T T T T T T
8 10noon 2 4 6 8 I0midnt2 4 6

24-hour time (hour)

Figure 1 Twenty-four-hour SBP among the groups; controls
(asterisks), low paraplegia (open squares), high paraplegia
(closed triangles), and tetraplegia (closed circles). Main effects
for group (P < 0.05) and time (P < 0.0001) were significant; such
that 24-hour SBP was significantly lower in the tetraplegic
group compared with the control and HP groups (P < 0.05).

100 -
o A —%¥— Controls
R
904 o7 p-k AR ~0O- LP
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[~
=
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Figure 2 Twenty-four-hour HR among the groups; controls
(asterisks), low paraplegia (open squares), high paraplegia
(closed triangles), and tetraplegia (closed circles). Effects for
group (P < 0.01), time (P < 0.0001), and the interaction (P < 0.0001)
were significant; such that 24-hour HR was significantly
elevated in the HP group compared to the control (P < 0.05)

and TETRA (P < 0.01) groups, and in the LP group compared

to the control (P < 0.01) and TETRA groups (P < 0.001).

to the non-SCI and TETRA groups. Twenty-four-hour
HR data are presented by group (Fig. 2), and results
of the mixed measures ANOVA revealed significant

main effects for group (P <0.01), time (P < 0.0001),
and a significant interaction effect (P < 0.0001). Post-
hoc analysis indicated that 24-hour HR was significantly
elevated in the LP group compared to the control (P <
0.01) and TETRA (P < 0.001) groups and was elevated
in the HP group compared to the control (P < 0.05) and
TETRA (P < 0.01) groups.

Average daytime and nighttime HR data are pre-
sented (Table 4). Results of the mixed measures
ANOVA for daytime HR revealed significant effects
for group (P <0.001), time (P <0.0001) and the
interaction (P <0.01). Post-hoc analysis indicated
that daytime HR was significantly elevated in both
the HP and LP groups compared to the control
(P <0.01) and TETRA (P <0.001) groups. Similar
significant effects for group (P =0.01), time (P <
0.0001), and the interaction (P < 0.0001) were found
for nighttime HR, such that the LP group displayed
persistently elevated HR during the nighttime com-
pared to the control (P <0.01) and TETRA (P <
0.01) groups. Differences for nighttime HR did not
attain statistical significance comparing the HP
group with the control (P=0.13) or TETRA (P =
0.13) groups.

Although the nocturnal HRdip did not differ between
the paraplegic and control groups, individual peak HRs
were significantly elevated in the HP (111 + 14 (range:
91-134) bpm; P <0.0001) and LP groups (103 =13
(range: 77-121) bpm; P <0.01) compared to the
control (84 =13 (range: 70-114) bpm) and
TETRA groups (83 £ 13 (range: 56-107) bpm). The
individual nadir HRs were also statistically higher in
the LP group (69«13 (range: 53-95) bpm)
compared to the control (58 =9 (range: 49-75) bpm;
P < 0.05), HP groups (59 = 6 (range: 51-70) bpm; P <
0.05), and TETRA (58 = 10 (range: 32-72) bpm; P <
0.01) groups.
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Figure 3 (A) SDANN (ms) in the control (open box), LP (dotted
box), HP (hatched box), and TETRA (gray box). *: P < 0.01 versus
LP and TETRA; §: P < 0.08 versus controls. (B) rMSSD (ms) in the
control (open box), LP (dotted box), HP (hatched box), and
TETRA (gray box). *: P < 0.01 versus TETRA; é: P < 0.001 versus
controls; \: P=0.05 versus HP.

Time-domain HRV parameters

Elevated HR in the paraplegic groups may be suggestive
of abnormal autonomic tone,”*?° and 24-hour time-
domain parameters of HRV are presented (Table 4).
We hypothesized that 24-hour HRV data would be
reduced in the TETRA, HP, and LP groups compared
to the non-SCI controls; however, the HRV index reflec-
tive of CLV (i.e. SDANN) was significantly elevated in
the HP group compared to the LP and
TETRA groups (Fig. 3A). In addition, 24-hour
SDANN was marginally increased in the HP compared
to the control group (P =0.0734). On the other hand,
24-hour rMSSD (i.e. an indirect measure of
vagal tone) was significantly reduced in the LP com-
pared to the control (P < 0.001), HP (P =0.05), and
TETRA (P <0.01) groups, and was marginally lower
in the HP group compared to the controls (P =
0.0692) (Fig. 3B).

Because it has been suggested that basal HR may
influence these HRV parameters, adjustment for
24-hour HR with multiple regression analyses was
used to determine group differences in SDANN and
rMSSD. The results suggest that, after controlling for
differences in 24-hour HR, the group main effect for
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SDANN remained significant (P < 0.01) and was mar-
ginally significant for rMSSD (P = 0.057). After statisti-
cally controlling for 24-hour HR, post-hoc analysis with
the Bryant—Paulson procedure indicated that SDANN
was significantly increased in the HP group compared
to the TETRA and control groups and rMSSD was sig-
nificantly reduced in the LP compared to the control
group.

Discussion

To our knowledge, this is the first report on 24-hour
cardiovascular and autonomic function in individuals
with high paraplegia and low paraplegia compared with
non-SCI controls and persons with tetraplegia. To date,
the majority of available literature on 24-hour cardiovascu-
lar autonomic function following SCI focuses on
persons with tetraplegia, and one paper considered the
model of paraplegia as the control.'”> However, the data
reported here suggest that, although 24-hour SBP did not
differ in individuals with high (T2-T5) and low (T7-T12)
paraplegia compared to controls and individuals with
tetraplegia, 24-hour HR was significantly elevated.
Furthermore, 24-hour HRV data suggest alterations in
autonomic tone that may predispose these individuals to
persistently elevated HR and cardiovascular disease risk.

As hypothesized and previously reported,'® '
24-hour SBP was significantly reduced in the tetraplegic
group compared to the control and HP groups.
Literature in the general population suggests an associ-
ation between chronic hypotension and cognitive
deficits,**>* poorer reporting of general health,>-
increased reporting of fatigue,>>*’ impaired social
well-being,*® and a higher incidence of depression.*® In
addition, because daytime SBP was significantly
reduced in the TETRA group, but nighttime SBP did
not differ from the other groups, the nocturnal SBPdip
was diminished. The absence of a nocturnal dip in BP
was independently and significantly associated with cog-
nitive impairments® and evidence of ischemic brain
injury®® in hypertensive individuals. Therefore, we
speculate that persistent hypotension and the lack of
an appropriate nocturnal SBP dip may predispose indi-
viduals with tetraplegia to ischemic brain injury and
cognitive deficits, associations that should be studied
in greater detail.

As hypothesized, we report significantly elevated
24-hour HR in individuals with HP and LP compared
to controls. Elevated HR was evident during the daytime
in both paraplegic groups and persisted into the nighttime
in the LP group. Although there is empirical evidence
of elevated HR in persons with paraplegia,*’ ™ little
attention has been given to these reports. That said, there
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is emerging evidence that elevated HR may be an indepen-
dent cardiovascular risk factor,**’ and an inverse
relationship between HR and survival time was reported
in 30000 individuals over a period of 5-36 years.*®
However, in the general population, a direct link
between elevated HR and cardiovascular risk has been
difficult to determine because of the complex interactions
among the various risk factors.***>*° Associations
between chronically elevated HR and increased systolic
pulsatility, arterial stiffness and endothelial dysfunction
are reported in the general population,****>? and
although there is evidence of increased arterial stiffness
in persons with SCI,>*** increased HR was not reported.
The long-term effects of persistently elevated HR in the
paraplegic population is unknown, but evidence in the
non-SCI literature of a possible link between increased
HR and cardiovascular disease risk is compelling and war-
rants further investigation in this population.

Theoretically, elevated HR may reflect ANS dysfunc-
tion, with a shift toward sympathetic dominance, thus
promoting the development of atherosclerotic lesions
and cardiovascular events.*”*>> However, whether accel-
erated HR is a marker of autonomic dysfunction or an
independent cardiovascular risk factor is not easily
discerned. Individuals with SCI represent a model of
autonomic dysfunction, which may be characterized
by diminished sympathetic activity; however, individ-
uals with LP (defined as TS5 and below) were observed
to have elevated resting catecholamine concentrations
compared to controls.***>® Therefore, persistently elev-
ated 24-hour HR in the paraplegic groups may relate
to increased sympathetic activity or may reflect vagal
dysfunction, or a combination of both sympathetic
and vagal pathology.

The general health of the heart can be ascertained
from the analysis of HRV, and it has been suggested
that calculation of HRV from 24-hour monitoring of
HR may be more sensitive in detecting abnormalities
in autonomic tone, because short-term data collection
techniques do not detect changes in diurnal influ-
ences.”>?® The various time-domain parameters of
HRV reflect different autonomic cardiac influences
and parameters, which measure CLV, such as
SDANN, reflect diurnal, and secular trends in HR,?®
whereas indices that examine variance around adjacent
cardiac cycles (i.e. TMSSD) are thought to strongly
reflect vagal tone.”® Counter to our hypothesis, we
found significantly increased SDANN in the HP
group compared to the LP and T groups and marginally
increased SDANN compared to the controls. This
finding presumably reflects greater fluctuation in
diurnal variability because daytime HR was

Twenty-four-hour cardiovascular and autonomic function and cardiovascular risk

significantly elevated but there was an appropriate noc-
turnal fall in HR in the HP group. However, increased
SDANN does not necessarily confer reduced risk in
the HP group because 24-hour rMSSD was marginally
lower compared to age-matched controls. Thus, elevated
HR and increased diurnal variability in the HP group
most likely reflects increased daytime sympathetic
activity without significant influence from preserved or
increased vagal tone.

However, perhaps more alarming was the persistently
elevated HR and diminished rMSSD in the LP group.
Previous reports have suggested that individuals with
paraplegia have comparable 24-hour HR and HRV
compared to age-matched controls.”'® However, these
studies either did not distinguish between HP and LP
or failed to control for the activities of daily living in
the control group (orthostatic influences), which would
confound both the HR and HRV data. Our control
group was confined to a wheelchair for the duration of
the study thus limiting the effects of gravitational stres-
sors on cardiovascular regulation. Although we cannot
account for the stress of upper-body ambulation in the
control group, the daytime HR and BP data do not
suggest increased cardiovascular work. Therefore, the
significantly elevated HR in the LP group compared
to controls, with evidence of diminished vagal tone,
may impart significant adverse cardiovascular conse-
quences that are currently unappreciated.

Perspectives

Anatomically, the sympathetic nervous system (SNS)
would be expected to be affected by a spinal cord lesion
and the degree of cardiovascular dysfunction loosely
reflects the level of SNS injury.””>® However, since
cranial nerve integrity should be unaffected by SCI, para-
sympathetic cardiac control mechanisms should be anato-
mically intact, and several reports document normal
resting vagal tone and comparable vagal responses to pro-
vocation following SCL%*°! Yet others suggest vagal
pathology in persons with SCI, and attribute these find-
ings to compensatory parasympathetic suppression or car-
diovascular deconditioning.®>** Moreover, increased
resting plasma catecholamine concentrations have been
observed in individuals with T5-T11 paraplegia, reflect-
ing increased post-ganglionic sympathetic activity.*>
The present evidence of elevated HR may therefore be a
harbinger of autonomic dysfunction that precedes clini-
cally measurable cardiovascular disease processes. It is
our strong opinion that cardiovascular autonomic scru-
tiny and clinical surveillance should be an integral part
of the annual physical examination in individuals with
paraplegia.
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Limitations

Because clinical medicine and research lack a tool for
the accurate measurement and diagnosis of SNS dys-
function, we are unable to determine the extent of auto-
nomic cardiovascular impairment in our subjects with
SCI. In addition, we did not include any observation
of peripheral sympathetic activity and can only specu-
late regarding the possible association between acceler-
ated HR and increased plasma catecholamine
concentrations. Although evidence in the general popu-
lation on the relationship between persistently elevated
HR and arterial stiffness is convincing, and may apply
to the SCI population, we did not measure any vascular
morphology or physiological function and can only
speculate on this possible association. Finally, because
the study population was comprised of mostly men
and the spinal cord injuries were largely complete, appli-
cability of the findings to females or a cohort of individ-
uals with incomplete SCI cannot be ascertained.

Conclusion

The present study demonstrated that although 24-hour
SBP is not altered following paraplegia, 24-hour HR is
persistently elevated, which may predispose these individ-
uals to significant cardiovascular risk. In addition, the 24-
hour assessment of autonomic function suggests dimin-
ished vagal tone in individuals with low paraplegia,
which, in addition to reported elevations in plasma cat-
echolamines, suggests significant adverse autonomic
changes that may contribute to long-term cardiovascular
demise. Furthermore, our results suggest that autonomic
cardiovascular dysfunction differs in persons with tetra-
plegia and paraplegia and clinical practice guidelines
should account for these differences with respect to cardi-
ovascular disease progression. However, before clinical
guidelines can be established, longitudinal studies should
be performed to establish the cardiovascular conse-
quences of chronically elevated HR in these individuals.
In addition, studies should be designed to investigate the
short-term and long-term effects of various interventions
(e.g. exercise training, pharmacological interventions) on
normalization of 24-hour cardiovascular and autonomic
function in individuals with paraplegia.
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