Clin Auton Res (2012) 22:265-273
DOI 10.1007/s10286-012-0166-6

RESEARCH ARTICLE

Electrocardiogram-based predictors for arrhythmia after spinal

cord injury

C. Ravensbergen - M. L. Walsh -

H. J.
A. V. Krassioukov * V. E. Claydon

Received: 10 February 2012/ Accepted: 16 April 2012/ Published online: 6 May 2012

© Springer-Verlag 2012

Abstract

Purpose Individuals with spinal cord injury (SCI) have
an increased risk of cardiac arrhythmias, particularly dur-
ing autonomic dysreflexia (acute hypertensive episodes).
This may be partly due to impaired autonomic control of
the heart after SCI. The interval between the peak and end
of the T-wave of the electrocardiograph (ECG) provides an
index of transmural dispersion of repolarisation, a factor
underlying the development of ventricular arrhythmias.
Another ECG-based risk factor for ventricular arrhythmias
is variability in the QT segment, the QT variability index
(QTVI). Similarly, P-wave variability may be correlated
with risk for atrial arrhythmias. We aimed to: (1) determine
whether there are abnormalities in these parameters at rest
in those with SCI; (2) determine correlations between these
ECG parameters and severity of autonomic impairment
after SCL.

Methods ECG intervals were determined using custom-
ised software from a 15 min ECG recording (lead II) in 28
SCI subjects and 27 controls. Autonomic severity of SCI
was determined from sympathetic skin responses, low
frequency systolic blood pressure variability, and plasma
noradrenaline levels.
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Results  Tpea—Teng variability and QTVI were increased
in those with autonomically complete SCI compared to
controls. P-wave variability was increased in SCI individ-
uals compared to controls, and was negatively correlated
with plasma noradrenaline.

Conclusion The higher Tpea—Teng variability, QTVI and
P-wave variability in individuals with SCI could be
markers of severity of injury to cardiac autonomic (sym-
pathetic) pathways after SCI, and may represent new risk
assessment parameters for predisposition to cardiac
arrhythmias in this population.
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Introduction

Cardiovascular disease is the leading cause of mortality
and morbidity in individuals with spinal cord injury (SCI)
[1, 2]. Furthermore, cardiovascular disease after SCI has an
earlier onset and more rapid progression than in the able-
bodied [1].

One possible cause of this increased risk for cardio-
vascular disease is altered autonomic function after SCI,
with associated modulations in cardiac electrophysiology
and increased risk of cardiac arrhythmias [3]. Certainly,
rats with high thoracic lesions demonstrate changes in
protein expression that increase sarcoplasmatic reticulum
calcium load and lead to ectopic activity [3]. These chan-
ges are associated with a decreased electrical stimulation
threshold to induce ectopics [3].

The extent of cardiovascular autonomic dysfunction is
related to the level and severity of injury to spinal car-
diovascular sympathetic pathways [4]. Injuries above the
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fifth thoracic level (T5) can impair sympathetic regulation
of the heart and splanchnic vasculature (a key site for blood
pressure regulation) with particularly pronounced effects
on cardiovascular control [4]. Cardiovascular parasympa-
thetic pathways do not pass through the spinal cord and are
thus not affected by SCI. As such, the normal coordinated
pattern of activity of the autonomic nervous system can
become dyssynchronous, with devastating effects on car-
diovascular function [5-7].

Case reports in humans [8—10] as well as studies in rodents
[11] have documented ventricular and/or atrial arrhythmias
after SCI, particularly during episodes of autonomic dys-
reflexia (AD, sudden onset of profound hypertension trig-
gered by sensory stimuli below lesion). During AD, the
precipitating stimulus triggers massive sympathetic dis-
charge through a spinal reflex that is no longer subject to
regulation by the injured descending spinal autonomic
pathways. This leads to extreme hypertension, and increases
the spatial dispersion of ventricular repolarization, increas-
ing the likelihood of re-entry arrhythmias [7]. In addition,
unique to SCI, this elevated cardiac sympathetic activity is
coupled with elevated cardiac vagal activity during AD,
through hypertension-induced stimulation of the arterial
baroreflex and subsequent increases in efferent parasympa-
thetic activity mediated via the cardiac vagus nerves [12],
and this may be particularly proarrhythmogenic.

The electrocardiograph (ECG) can potentially be used to
identify those individuals at risk of developing arrhythmias
during episodes of AD. Prolonged transmural dispersion
of ventricular repolarisation has been shown to be a sub-
strate for ventricular arrhythmias, specifically Torsade des
Pointes [13]. Transmural dispersion of repolarisation
corresponds to the difference in timing and duration of
repolarisation in the different layers of the ventricular wall
[14], which is reflected by the Tpeu—Teng interval of the
ECG [14]. Hence, Tpeax—Tena can be used as a risk
assessment parameter for ventricular arrhythmias [14, 15].
Another ECG-derived parameter that is believed to identify
increased risk for ventricular arrhythmias is the QT vari-
ability index (QTVI) [16].

In addition to an increased risk of ventricular arrhyth-
mias, atrial arrhythmias such as atrial fibrillation are
common in individuals with SCI [6]. Prolongation of intra-
atrial conduction time is associated with atrial fibrillation
attributable to inhomogeneous propagation of sinus
impulses in the atria [17]. It has been proposed that this
could be identified by variation in P-wave duration in
differently oriented surface ECG leads, or P-wave disper-
sion (PWD) [18]. Another approach would be to study
P-wave variability in the time and frequency domain (by
assessing the P-wave duration in the same ECG lead over
time), and we propose that this parameter could also be a
predictor for atrial arrhythmias.
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A previous report in humans has investigated differ-
ences in ECG parameters [19] between individuals with
high and low level SCI, but failed to account for injury to
cardiovascular autonomic pathways, which would be
expected to influence both the ECG characteristics, and
susceptibility to arrhythmia. Accordingly, our goal was to
explore the proposed ECG predictors for ventricular and
atrial arrhythmias in individuals with chronic SCI with
different levels and severities of injury to cardiovascular
autonomic pathways. We hypothesised that those with
severe autonomic injury would have increased Tpea—Tenas
QTVI, PWD and P-wave variability compared to those
with incomplete autonomic injury and able-bodied
controls.

Methods

The study received ethical approval from the Simon Fraser
University and the University of British Columbia
Research Ethics Committees, and was performed in asso-
ciation with the Declaration of Helsinki of the World
Medical Association.

Subjects

Studies were performed on 28 individuals with chronic
(>1 year) SCI, and 27 able-bodied controls. All volunteers
gave written informed consent, and were apparently healthy
and not taking any cardiovascular medications. Females
were not tested during their menstrual period. Volunteers
abstained from drinking alcoholic beverages starting the
night before testing, and caffeine the morning of testing.

Measures of completeness of injury
Motor and sensory impairment

Neurological classification of level and severity of SCI was
determined from the American Spinal Injury Association
(ASIA) Impairment Scale (AIS). This scale assesses motor
and sensory function after SCI [20], but does not incor-
porate a quantitative measure of autonomic function [21].
An AIS A score reflects complete loss of motor and sensory
function; the B, C and D scores reflect gradually less severe
impairments. Level of injury and impairment score toge-
ther form the classification of the injury (e.g. T5A).

Autonomic impairment
At present, there is no gold standard for the quantitative

assessment of autonomic completeness of SCI. Therefore,
to assess severity of injury to spinal autonomic pathways in
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individuals with SCI we used three methods: sympathetic
skin responses (SSR); plasma noradrenaline levels; and low
frequency power of systolic arterial pressure (LF SAP).

Sympathetic skin responses This test assesses sympa-
thetic cholinergic pathways, which are dependent on cen-
tral and peripheral sympathetic input [22]. Impaired
supraspinal control of sympathetic pathways leads to an
impaired SSR; therefore, this can be used to evaluate
autonomic injury following SCI. Recordings were con-
ducted simultaneously and bilaterally from both hands in
response to a pulse applied ten times to the left median
nerve [5]. The outcome measurement is a sum score of the
normal elicited SSR with a maximum response of 10 for
each stimulation site. The maximum score (20) is consid-
ered a normal SSR. For categorical analyses, autonomic
completeness of injury was determined based on the SSR,
whereby individuals with autonomically complete lesions
had a SSR score of 0, and those with autonomically
incomplete lesions had a score of 1 or higher [23].

Plasma noradrenaline levels We used an orthostatic
stress test [23] to assess severity of cardiovascular auto-
nomic dysfunction from plasma noradrenaline responses to
orthostasis. Low noradrenaline levels, due to sympathetic
hypoactivity, are indicative of injury to descending sym-
pathetic pathways [24]. A butterfly catheter was inserted
into an antecubital vein and samples were withdrawn after
15 min of supine rest, and then 5 min after the passive
assumption of a seated position. Samples were centrifuged
at 3 °C and 3,000 rpm for 10 min and the plasma com-
ponent withdrawn for subsequent analysis. The plasma
samples were sent to the clinical laboratory of Vancouver
General Hospital for determination of noradrenaline levels.
For correlative analyses we used the absolute noradrenaline
level, as described by our group previously [23].

Low frequency power of systolic arterial pressure The
power of LF SAP variability reflects sympathetic drive to
the resistance vessels [24], and is markedly reduced in
individuals with autonomically complete SCI [25]. Con-
tinuous beat-to-beat blood pressure was recorded using
finger plethysmography (Finometer, Finapres Medical
Systems BV, Arnhem, The Netherlands) during 15 min of
supine rest. We fitted autoregressive monovariate models to
the time series of the beat-to-beat systolic arterial pressure
signal and identified the low frequency peak (at ~0.1 Hz)
from the power spectrum. We calculated central frequency,
attributed power, percentage power and power in norma-
lised units (LF SAP nu = LF SAP power/[total variance—
very low frequency SAP power (~0.03 Hz)] x 100). For
correlative analyses, we used the absolute value of the LF
SAP, as described by our group previously [23].

Continuous electrocardiogram

A resting lead II ECG (Finometer ECG module, Finapres
Medical Systems BV, Arnhem, The Netherlands) was
continuously recorded in the supine position for 15 min.
Data acquisition was performed with a sampling frequency
of 1 kHz using an analogue-to-digital converter (Powerlab
16/30, AD Instruments, Colorado Springs, CO).

ECG interval detection

ECG parameters (RR interval, QT, QTc, using the method
of Bazett [25], Tpeak—Tend» QTVI and P-wave duration)
were determined for every beat using customised software
(LabView 2009, National Instruments) (Fig. 1).

The location and amplitude of the R-wave was deter-
mined from the point of zero slope at the maximum
amplitude of the derivative of the signal. The stable T-P
section was identified by linear regression of the signal
between two consecutive R-waves. The T was deter-
mined from the maximum value of a 3rd order polynomial
applied 100 ms after the preceding R up until the midpoint
of the T-P section. The Q-wave was identified from the
minimum value of a 3rd order polynomial applied to the
50 ms of data preceding the R-wave. The Py, was deter-
mined from the maximum point of a polynomial regression
of the 20 ms of data preceding the Q-wave. The T.,q was
determined from the point at which two regression lines
intersect, applied from the Tpe,c forwards and from the
middle of the T-P section backwards. Finally, the P.,q was
identified from the point at which regressions applied to the
section between the Py, and Q-waves intersect.

Variability analyses

We determined variability for each of the ECG intervals
(Tpeak—Tena and P-wave duration) using autoregressive
spectral analysis. QTVI was determined using the follow-
ing equation:

(QT,/QT,,)’

QTVI = logl0
g (RRy/RR,,)*

where QT, is the QT wvariability, QT,, the mean QT
interval, RR, the variability of RR interval, and RR,, the
mean RR interval [16]. QT VI is typically a negative value,
with values closer to zero being considered abnormal [13].

12-Lead electrocardiogram
To determine PWD, we collected 12-lead ECG’s during

seated rest from 17 volunteers with cervical SCI. In 15 age
and gender matched able-bodied controls a 12-lead ECG
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(Burdick Atria 6100, Cardiac Science Corporation, Han-
nover, Germany) was recorded during supine (n = 14) and
seated (n = 10) rest. Digital callipers were used to measure
the P-wave duration in every lead from the signal averaged
12-lead ECG’s scanned in high resolution (600 dpi) from a
paper print. According to convention [17], P-wave duration
in a single lead was discarded when the beginning and end
of the P-wave could not be accurately determined. PWD
was calculated for every ECG with more than nine mea-
surable leads [17].

Statistics

Statistical analyses were performed using SigmaPlot ver-
sion 11 (Systat Software Inc, San Jose, CA). Data were
tested for normality using the Shapiro—Wilk test. Com-
parisons between two groups were performed using
unpaired Student’s #-tests or Wilcoxon tests for parametric
and nonparametric data, respectively. One-way ANOVA or
Kruskal-Wallis tests with Tukey post hoc tests were per-
formed for comparisons between three groups. Correlations
between variables were performed using Pearson Product
Moment analyses or Spearman Rank Order tests. Possible
differences in gender and the number of discarded leads in
each group (PWD analysis) were determined using the
Pearson Chi-squared test. All data are presented as
mean = SEM. Statistical significance was assumed at the
level of p < 0.05.

Results

The SCI volunteers were subdivided into different groups
for analyses: (1) by region of injury—cervical or thoracic;
(2) by level of injury—below or above (and at) T5; (3) by
autonomic impairment as determined from the SSR—
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complete (score of zero) or incomplete (score greater than
zero); (4) by motor and sensory impairment according to
the AIS score—complete (AIS A) or incomplete (AIS B, C
or D).

Subject characteristics

We found no significant age or gender differences between
groups. Levels of injury in the cervical SCI group ranged
from C4 to C7 and motor/sensory impairment defined by
AIS grades [20] was as follows: grade A, n = 7; grade B,
n=75; grade C, n = 2; and grade D, n = 1. Levels of
injury in the thoracic group ranged from T3 to T11 and
motor/sensory impairment was as follows: grade A,
n=11; grade B, n = 1; and grade D, n = 1. Not all
volunteers opted to complete all test procedures. Subject
details can be found in Table 1.

Continuous ECG
ECG interval analyses

Resting RR interval was significantly longer in the cervi-
cal SCI group (1,047 + 29 ms) compared to controls
(952 £ 21 ms, p = 0.04), consistent with modest brady-
cardia. RR interval was significantly shorter in the thoracic
SCI group (925 + 39 ms) compared to the cervical SCI
group (1,047 £ 29 ms, p = 0.02). There were no differ-
ences between groups for all other parameters (QT, QTc,
Tpeak—Tena and P-wave duration). Absolute values for all
intervals are summarised in Table 2.

Variability analyses

Tpeak—Tena Vvariability was significantly greater in the
SCI group (91.0 + 149 ms?) compared to controls
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Table 1 Subject characteristics

Age (years) Sample Males
size

Able-bodied controls 29.7 £ 194 27 14 (52 %)
All SCI volunteers 345 +£7.03 28 21 (75 %)
SCI subdivided by level of injury

Cervical SCI 339+ 1.74 15 12 (80 %)

Thoracic SCI 352 +£220 13 9 (69 %)
SCI subdivided according to injury above or below TS5

SCI above T5 337 £1.29 22 16 (73 %)

SCI below T5 372 +£392 6 5 (83 %)

SCI subdivided according to autonomic completeness of injury®

Autonomically complete SCI ~ 34.7 + 2.84 13 11 (85 %)
Autonomically incomplete 347+ 179 15 10 (67 %)
SCI

SCI subdivided according to AlS score
AIS A 353+ 15 18 12 (78 %)
AIS B,C or D 32.1+£22 9 6 (67 %)

* Autonomic completeness determined by SSR score: complete
autonomic impairment, SSR = 0; incomplete autonomic impairment,
SSR >0

(49.7 & 12.7 ms?, p = 0.04) (Fig. 2a). Level of injury
influenced Tpea—Teng variability, with significantly greater
Tpeak—Tena variability only in those with lesions above T5
(93.2 + 16.9 ms?) compared to controls (p = 0.024)
(Fig. 2b). Tpeax—Tena variability was also significantly
greater in those with autonomically complete injuries
(103.3 4+ 24.6 ms®) compared to controls (p = 0.019)
(Fig. 2¢). We found no significant differences in Tpeax—Teng

Table 2 Mean ECG intervals

variability between SCI groups and controls when grouped
according to AIS scores (Fig. 2d).

QTVI was significantly greater (closer to zero) in
the SCI group (—1.03 £ 0.100) compared to controls
(—1.31 £ 0.078, p = 0.019). Again, this was related to
the level of injury, with greater QTVI in those with
lesions above T5 (—1.12 £ 0.166) compared to controls
(p = 0.021) (Fig. 3a). We found no significant difference
between those with lesions below TS5 and controls. Simi-
larly QTVI was significantly greater in those with auto-
nomically complete injuries (—0.87 % 0.172), compared to
controls (p = 0.009). Responses in those with autonomi-
cally incomplete injuries were not significantly different
from both other groups (Fig. 3b). We found no significant
differences in QTVI between control and SCI groups when
grouped according to AIS scores (Fig. 3c).

In addition, QTVI and Tpea—Teng variability were sig-
nificantly correlated with each other (r =0.734, p <
0.001, Fig. 3d).

P-wave duration variability was greater in SCI individ-
uals (104.9 &+ 15.8 msz) compared to controls (28.6 &
4.6 ms®, p = 0.004) (Fig. 4a). ANOVA testing with the
different SCI subgroups was not conducted for this
parameter due to a smaller sample size for this measure
(control n = 17 and SCI n = 16). P-wave variability was
correlated with both Tpeq—Tenq variability (r = 0.608,
p < 0.001, Fig. 4b) and QTVI (r = 0.421, p = 0.015).
There was no correlation between P-wave variability and
the average cycle length (RR interval) (r = 0.074,
p = 0.068). All variability data is summarised in Table 3.

RRI (ms) QT (ms) QTc (ms) Tpeak—Tena (Ms) P-wave duration (ms)

Able-bodied controls 951 + 21 373 £ 4 384 £ 4 69 + 1 100 + 4
All SCI volunteers 991 + 26" 379 £ 6 382 + 4 69 + 1 102 + 4
SCI subdivided by level of injury

Cervical SCI 1,047 £ 29° 389 £ 6 381 £5 68 £ 2

Thoracic SCI 925 + 38* 367 £ 8 383 £ 8 69 + 2
SCI subdivided according to injury above or below TS

SCI Above T5 1,006 + 27 381 +6 381 £ 4 68 + 1

SCI Below T5 933 + 73 371 £ 13 388 + 15 70 + 4
SCI subdivided according to autonomic completeness of injury®

Autonomically complete SCI 1,039 £ 36 392 +£7 387+£5 69 £ 2

Autonomically incomplete SCI 949 + 34 367 £ 7 378 £ 7 68 + 2
SCI subdivided according to AIS score

AIS A 981 + 32 367 £ 6 3816 69 + 2

AIS B,C or D 1,029 + 46 386 + 13 381 +6 69 + 3

? Autonomic completeness determined by SSR score: complete autonomic impairment, SSR = 0; incomplete autonomic impairment, SSR > 0

i p < 0.05 compared to controls; ¥ p < 0.05 compared to the cervical SCI group
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Correlations with autonomic impairment

We found a significant negative correlation between
upright noradrenaline and P-wave variability (r = —0.496,
p = 0.035, Fig. 4c). In addition, Tpeq—Tenq Vvariability
(r=—-0.341, p=0.011) and P-wave variability (r =
—0.497, p = 0.004) were significantly correlated with the
severity of autonomic impairment, as determined from the
LF SAP,, (Fig. 4d).
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12-Lead electrocardiogram

We found no significant differences in PWD between the
SCI group (36.7 & 3.2 ms) and controls (31.5 + 3.3 ms,
p = 0.346). In more individuals with SCI (n = 15; 88 %)
one or more leads were rejected for analysis than in con-
trols (n = 2; 14 %) (3> = 2.261 and p < 0.001).

Since the 12-lead ECG was recorded while seated in SCI
volunteers, but while supine in controls according to
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Fig. 4 P-wave variability over
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Table 3 Variability Tpea—Tond QTVI Pwave
parameters: Tpeax—Tena, QTVI variability (ms?) variability (ms?)
and P-wave variability
Able-bodied controls 49.7 + 12.7 —1.31 £ 0.078 28.6 + 4.6
All SCI volunteers 91.0 + 14.97 —1.03 + 0.100" 104.7 £ 15.8"
SCI subdivided by level of injury
Cervical SCI 91.8 £ 226 —0.97 + 0.161
Thoracic SCI 89.9 + 19.6 —1.09 + 0.114
SCI subdivided according to injury above or below TS
SCI above T5 93.2 + 16,97 ~1.02 £ 0.116
SCI below T5 82.7 £ 345 —1.12 £ 0.166
‘ Autopomic completeness SCI subdivided according to autonomic completeness of injury®
determined by SSR score: Autonomically complete SCI 103.3 + 24.67 —0.87 + 0.172
complete autonomic
impairment, SSR = 0; Autonomically incomplete SCI 80.3 £ 18.2 —1.17 £ 0.104
incomplete autonomic SCI subdivided according to AlS score
lePalrmem’ SSR >0 AIS A 77.2 + 13.7 ~1.08 + 0.099
p < 0.05 compared to AIS B, C or D 101.0 + 33.6 —0.98 + 0.242
controls
convention, we evaluated whether alterations in autonomic  Discussion

tone associated with postural changes could have influ-
enced our results, in a subset (n = 10) of controls. We
found no significant differences in supine and seated PWD
in controls (31.5 £ 3.3 ms and 29.1 £ 1.6 ms, respec-
tively, p = 0.613). Also, when compared to the SCI group,
the seated PWD in controls remained similar (p > 0.05).

We evaluated different ECG-based parameters that might
be used as risk assessment tools for the propensity to
develop cardiac arrhythmias after SCI. Not only did we
observe differences in these parameters between individu-
als with SCI and able-bodied controls, but we also found
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correlations between these measures and the severity of
autonomic impairment after injury. Our main finding was
that Tpeu—Tena variability and QTVI were greater in the
SCI group, particularly in those with high-level and auto-
nomically complete lesions. The relationship between the
severity of autonomic impairment and increased variability
in the Tpea—Tena and QT intervals suggests that autonomic
impairment could underlie the increased risk for ventricular
arrhythmias after SCI. The abnormal variability of Tpea—
Tena and QTVI was independent of the AIS score, con-
firming that completeness of injury to motor or sensory
pathways does not necessarily correlate with completeness
of injury to autonomic pathways. This is consistent with
our earlier findings [5] and highlights the need for quan-
titative autonomic function testing after SCI.

Our data are supported by a recent study that reported
increased QTVI in individuals with SCI [26]. However,
their data did not show differences in QTVI between dif-
ferent SCI groups, which were subdivided by level of
injury. This likely reflects the failure to account for com-
pleteness of injury to cardiovascular autonomic pathways.

Both proposed risk assessment parameters for ventric-
ular arrhythmias tested were correlated with each other,
and with the severity of injury to cardiovascular autonomic
pathways, indicating their possible utility as screening tools
to assess risk for ventricular arrhythmia after SCI.

P-wave duration variability in a continuous ECG
recording was increased in the SCI group compared to
controls. The increase in P-wave variability was signifi-
cantly correlated with measures of severity of injury to
autonomic pathways. Unfortunately, due to a smaller
amplitude of the P-wave in general, occasional background
noise, and axis shifts, faithful detection of P-wave duration
was difficult, reducing the sample size for this measure
(SCI n = 16; control n = 17), rendering subanalyses
invalid. Nevertheless, we can exclude the possibility that
the increased P-wave variability in the SCI group was
artefactual due to increased background noise in this group
because we quantified the noise levels at the isoelectric
T-P sections of the ECG and they were not significantly
different between groups (control 0.0002 & 0.0001 ms?
and SCI 0.0007 £ 0.0001 ms?, p = 0.29). We propose that
the increased P-wave variability observed is compatible
with abnormal repolarisation properties within the atria in
those with loss of the normal sympathetic modulation of
the heart, and may be associated with an increased risk of
experiencing atrial arrhythmia.

PWD is thought to be correlated with risk for atrial
arrhythmia. In this study, we found no difference in PWD
between the SCI group and controls. This can be explained
in two ways: either the SCI group is not at greater risk for
atrial arrhythmias, or PWD is not a good risk assessment
parameter for atrial arrhythmias after SCI. In a subgroup
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(n = 9) of individuals with autonomically complete SCI
(and thus a high likelihood of experiencing atrial arrhyth-
mia) the PWD remained similar to controls, making the
first explanation unlikely. The second explanation is sup-
ported by some technical difficulties in measuring this
parameter; more leads were discarded in the ECG of SCI
individuals than in controls. This could have led to an
artificial decrease in PWD in the SCI group, and may have
masked any true differences between groups in this
parameter. Since the determination of P-wave variability
over time on a continuous ECG requires measureable
P-waves in only one ECG lead, we suggest it may provide a
better parameter for risk of atrial arrhythmias after SCI.

One limitation of this study is that not all parameters
were collected in every volunteer; some volunteers
declined to participate in all tests. A second limitation is
that we could not measure a direct correlation between
Tpeak—Tena variability, QTVI and P-wave variability and
the occurrence of cardiac arrhythmias. There is good evi-
dence, however, that AD, and thus autonomic impairment
after SCI, is associated with cardiac arrhythmias [5, 6]. The
relationship shown between autonomic impairment and
these ECG parameters implies that a correlation between
these measures and susceptibility to cardiac arrhythmias
may exist, but does not confirm it. Therefore, at present we
acknowledge that we have not demonstrated a link between
these measures and propensity to experience arrhythmia,
but rather that we have identified ECG-based characteris-
tics in individuals with SCI that are associated with an
increased risk of arrhythmia in other populations [14, 16,
26]. However, preliminary data during AD from four
individuals with autonomically complete cervical SCI
(in whom resting QTVI and Tpea—Teng Variability were
already increased, similar to the present findings) reveal
further marked increases in both QTVI (40.43 £ 0.1;
p <0.05) and Tpeu—Tena Vvariability (+300 £ 97 ms*;
p < 0.05) compared to baseline, associated with marked
ventricular ectopy. These data need verification in a larger
population, but do support our hypothesis that these mea-
sures are related to arrhythmia risk. Future directions
would, therefore, be to determine the relationships between
these ECG-based parameters at rest and the occurrence of
cardiac arrhythmias during episodes of AD, when risks for
arrhythmia are highest.

Conclusions

We have observed abnormal ECG characteristics in indi-
viduals with autonomically complete SCI that, at least in
able-bodied populations, are associated with increased
susceptibility to cardiac arrhythmia. The increases in
Tpeak—Tena variability, P-wave variability and QTVI
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observed occurred only in those individuals with complete
lesions to descending cardiac sympathetic pathways, who
also experience episodes of AD during which risk for
arrhythmia is high. Furthermore, the magnitude of impair-
ment to cardiac autonomic pathways was directly correlated
with the severity of these ECG abnormalities. We propose
that these ECG characteristics provide useful measures of
severity of injury to cardiovascular autonomic pathways, and
may prove to be indicative of susceptibilty to cardiac
arrhythmia after SCI.
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