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Assessment of autonomic function after acute spinal cord
injury using heart rate variability analyses

L Malmqvist1,2, T Biering-Sørensen1,3,4, K Bartholdy1, A Krassioukov5, K-L Welling6, JH Svendsen3,7, A Kruse8,
B Hansen1 and F Biering-Sørensen1,3

Objectives: Spinal cord injury (SCI) often results in severe dysfunction of the autonomic nervous system. C1-C8 SCI affects the
supraspinal control to the heart, T1-T5 SCI affects the spinal sympathetic outflow to the heart, and T6-T12 SCI leaves sympathetic
control to the heart intact. Heart rate variability (HRV) analysis can serve as a surrogate measure of autonomic regulation. The aim of
this study was to investigate changes in HRV patterns and alterations in patients with acute traumatic SCI.
Methods: As soon as possible after SCI patients who met the inclusion criteria had 24 h Holter monitoring of their cardiac rhythm,
additional Holter monitoring were performed 1, 2, 3 and 4 weeks after SCI.
Results: Fifty SCI patients were included. A significant increase in standard deviation of the average normal-to-normal (SDANN) sinus
intervals was seen in the first month after injury (P=0.008). The increase was only significant in C1-T5 incomplete patients and in
patients who did not experience one or more episodes of cardiac arrest. Significant lower values of Low Frequency Power, Total Power
and the Low Frequency over High Frequency ratio were seen in the C1-T5 SCI patients compared with T6-T12 SCI patients.
Conclusions: The rise in SDANN in the incomplete C1-T5 patients could be due to spontaneous functional recovery caused by
synaptic plasticity or remodelling of damaged axons. That the autonomic nervous system function differs between C1-C8, T1-T5 and
T6-T12 patients suggest that the sympathovagal balance in both the C1-C8 and T1-T5 SCI patients has yet to be reached.
Spinal Cord (2015) 53, 54–58; doi:10.1038/sc.2014.195; published online 18 November 2014

INTRODUCTION

Spinal cord injury (SCI) patients with tetraplegia and high level
paraplegia are known to suffer from dysfunction of the autonomic
nervous system (ANS) including the autonomic regulation of the
heart.1

The severity and the neurological level of the SCI have major impact
on ANS function.2 Patients with SCI above T1 often have intact
efferent vagal and sympathetic neural pathways innervating the
heart. However, they are deprived of the supraspinal control causing
reduced sympathetic activity below the level of SCI. Furthermore,
the loss of supraspinal control causes morphological changes in
sympathetic preganglionic neurons and peripheral alpha-adrenoceptor
hyperresponsiveness.1 Patients with T1-T5 SCI lose cardiac
sympathetic preganglionic neurons as the injury occurs corres-
ponding to the sympathetic outflow to the heart, and likewise
the postganglionic sympathetic innervation to the heart undergoes
plastic changes.3 Individuals with SCI at T6 and below have
intact cardiac spinal sympathetic neurons and intact innervation of
the heart.
In tetraplegic individuals with complete lesions, the disconnection

of the spinal sympathetic neurons from cerebral control represents a
unique possibility for analysis of the sympathetic influence on the
heart rate (HR) variability (HRV).

In patients with myocardial infarction, diabetic neuropathy, heart
failure, and those after cardiac transplantation and SCI, a reduced
HRV is consistently observed.4 It is the goal of the present study to
evaluate the changes of the ANS by HRV analysis following an
acute SCI.

Heart rate variability
HRV can be measured in time and frequency domain analyses. The
time domain analysis examines the variability of time segments
between heartbeats. It is measured as beat-to-beat intervals or as
variables derived from differences in adjacent normal-to-normal sinus
(NN) intervals. The parameters include the standard deviation of the
average NN intervals (SDANN), the square root of the mean squared
differences of successive NN intervals (RMSSD) and the proportions
of successive NN interval changes greater than 50ms divided by the
total number of NN intervals (pNN50). SDANN is a very sensitive
index of low frequencies and is often used as an overall marker of the
ANS activity.5 The RMSSD and pNN50 estimate high frequency
variations in the HR.
Power spectral analysis (PSA) is measured in the frequency domain.

The PSA provides information on the HR distribution as function of
frequency and is proposed to be able to discriminate between the
sympathetic and parasympathetic contributions of HRV.6 When using
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a Fast Fourier Transformation algorithm, the RR intervals in the
electrocardiogram are transformed into bands with different spectral
frequencies (Figure 1). The PSA divides the variability of the HR into
Very Low-Frequency Power (0.003–0.04Hz), Low-Frequency Power
(LFP; 0.04–0.15Hz) and High-Frequency Power (HFP; 0.15–0.4 Hz).6

The HFP is normally defined as a marker of vagal modulation, that
is, determined by the frequency of breathing. LFP is a more
controversial component considered to represent the sympathetic
nervous system, or a combination of sympathetic and parasympathetic
activity.5,7 The LFP over HFP ratio (LF/HF-ratio) is suggested to
reflect the global sympathovagal balance.

MATERIALS AND METHODS
Rigshospitalet, Copenhagen, Denmark receives all patients with acute traumatic
SCI from the Eastern part of Denmark, that is, an up-take area corresponding
to a population of 2.5 million—nearly half of the Danish population.

Patient selection
The inclusion started 1st January 2010 and ended 9th March 2013. The
inclusion criteria were: (i) traumatic SCI, (ii) neurological level C1-T12,
(iii) ⩾ 18 years and (iv) signed informed consent. The exclusion criteria
were: (i) pregnancy, (ii) cardiac pacemaker prior to the traumatic SCI and
(iii) concomitant brain injury, that is, Glasgow Coma Scoreo14. All patients
admitted with traumatic SCI were screened for inclusion. The Scientific
Ethics Committee of the Capital Region, Denmark, approved the protocol
(H-A-2009-065).

Data acquisition
Holter recordings (Lifecard CF digital Holter recorders, Spacelabs Healthcare,
Snoqualmie, WA, USA) documented cardiac rhythm continuously for 24 h.
The first Holter recording (Holter 1) was obtained as quickly as possible after
admission. Holter 2–5 were obtained consecutively as close as possible to
1 week (Holter 2), 2 weeks (Holter 3), 3 weeks (Holter 4) and 4 weeks (Holter 5)
after SCI. Arrhythmias from the same recordings have been described.8

HRV analyses
Two experienced readers of eletrocardiograms analysed the Holter recordings
using Pathfinder (v. 9.27, Spacelabs Healthcare). Electrocardiogram artefacts
like ectopic beats, arrhythmic events, missing data and noise were found by the
software and removed after visual verification. The data were exported to
Nevrokard Long-Term aHRV analysis software (Nevrokard Kiauta, k.d., Izola,
Slovenia). The Nevrokard software removed aberrant beats, HRV-excluded

inhibited beats and paced beats to minimise artefacts. An RR-interval
tachogram was generated from the continuous electrocardiogram, and a
2048-point Fast Fourier Transformation was performed. Spectral leakage
caused by lacking RR intervals at truncated data segments was minimised
using a Hanning window tapering function. HRV analyses in the time domain
included SDANN, RMSSD and pNN50.
The PSA included Very Low-Frequency Power, LFP and HFP. LF/HF-ratio

and Total Power were calculated. The power was normalised to reduce
the effects of noise due to artefacts and minimise the effects of the changes
in Total Power.5

The time domain and PSA variables were averaged over a 24-h period for the
statistical analyses.

Data analysis
A test of normality for all variables was performed graphically using the
Kolmogorov–Smirnov test. Variables not normally distributed were logarith-
mically transformed. Linear mixed model was used to test for significant main
effects of the variables over time. Stratified analyses were adjusted for gender,
age, previous cardiovascular history, bradycardia, level of injury, ventilator
treatment and American Spinal Injury Association Impairment Scale (AIS)
grade. The statistical significance of the differences of the mean variables was
analysed by one-way analysis of variance with Bonferroni post hoc comparisons.
Proportions were compared with χ2-test and Fisher’s exact test. Continuous
distributed variables were compared with Student’s t-test. Statistical significance
was set at Po0.05. IBM SPSS Statistics version 20.0 (IBM Corp., Armonk, NY,
USA) was used.

RESULTS

Fifty patients with acute traumatic SCI were included, 39 had C1-C8
SCI, 5 had T1-T5 SCI and 6 had T6-T12 SCI.
Four patients experienced one or more episodes of cardiac arrest.

Demographic characteristics of the patients are given in Table 1.

Time domain analysis
The time domain analysis showed a rise in SDANN over the first
month after SCI (P = 0.008), but no variation over time in pNN50
and RMSSD. Figure 2 summarises the mean values of the variables.
Stratified analyses by C1-C8, T1-T5 and T6-T12 SCI showed a
significant increase in SDANN over time for the C1-C8 (P= 0.044)
and T1-T5 groups (P= 0.036). The analyses were adjusted for age,
gender, previous cardiovascular history, ventilator treatment, brady-
cardia (sinus bradycardiao50) and AIS grade. Similar analyses for the

Figure 1 R-R tachogram and Power Spectral Domain spectrogram by Fast Fourier Transformation. (a) Tachogram displaying a 24-h time series of R-R
intervals in a spinal cord injury patient. The tachogram is from a Holter 3 monitoring. (b) Power spectral domain (Frequency domain) analysis of Holter 3 in
the same patient by use of Fast Fourier Transformation. The frequency bands at 0.0–0.07, 0.12–0.18 and 0.32–0.34 can, respectively, be interpreted as
the Very Low-Frequency Power, the Low Frequency Power and the High Frequency Power. ms, milliseconds; PSD, Power Spectral Density;
n.u., normalised units.
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AIS grades showed no rise in AIS A patients (P= 0.61), whereas
SDANN increased over time in AIS C (P= 0.002) and AIS D patients
(P= 0.007). Adjusted stratified analysis for cardiac arrest events
showed a significant rise in SDANN in the group not experiencing
cardiac arrest (Po0.005) in contrast to the group experiencing one or

more episodes of cardiac arrest (P= 0.94).
When comparing the mean values of the variables, significant

differences between the C1-C8, T1-T5 and T6-T12 SCI patients were
seen in RMSSD (P= 0.003) and pNN50 (Po0.001) (Table 2).

Frequency domain analysis
Mixed model analysis for the first month after SCI showed slight
decrease in mean values over time in LFP (P= 0.046). HFP, LF/HF-
ratio, Very Low-Frequency Power and Total Power showed no
significant variation over time. The analyses were adjusted for age,
gender, previous cardiovascular history, ventilator treatment, level of
injury, bradycardia (SBo50) and AIS grade.
When comparing the mean values of the variables for the five

Holter recordings together, several significant differences between the
C1-C8, T1-T5 and T6-T12 SCI patients were seen (Table 2).
LF/HF-ratio, Total Power and the LFP showed lower means in most

observations in C1-C8 patients compared with the T1-T5 and T6-T12
patients. Higher HFP mean values were seen in C1-C8 SCI patients
compared with T1-T6 and T6-T12 SCI patients (Figures 3a–d).

DISCUSSION

With this study of HRV, the function of the ANS in the first month
after traumatic SCI is assessed. This is the first study to show
significant changes in HRV parameters after acute SCI depending
on the neurological level and completeness of the SCI.

Time domain analysis
The main finding in the time domain analysis is a significant rise in
SDANN during the first month. When stratified by neurological level,
the rise is only significant in the C1-C8 and T1-T5 groups. When
stratifying by AIS grades, the rise was only seen in incomplete injuries.
A review assessing the cardiovascular function in SCI patients
concludes that there is no consensus whether cardiovascular function
differs between complete and incomplete SCI.9

Our results suggest a rise in the activity in the low frequencies
throughout the observation period. The rise in SDANN could be
interpreted as a rise in the sympathetic influence on the heart. As
patients with acute cervical and high-thoracic SCI experience
decreased HRV, the most likely explanation for the rise in SDANN
is a recovery of autonomic function towards the habitual autonomic
function existing before injury. A significant rise in SDANN is
observed in the incomplete C1-T5 patients only. This corresponds
with the fact that SCI patients with lesions above C8 often experience a
decentralization of the sympathetic nervous system whereas the vagal
contribution to the heart remains. As the sympathetic innervation to

Table 1 Patient characteristics

C1-C8 spinal

cord injury

T1-T5 spinal

cord injury

T6-T12 spinal

cord injury

P-value

Number of patients 39 5 6

Men 29 (74%) 4 (80%) 4 (67%) 0.87

Age (years) Median (range) 63 (19–91) 47 (22–77) 46 (23–69) 0.024

Previous cardiovascular

history

18 (46%) 1 (20%) 2 (33%) 0.48

Bradycardia episodes 75 (30%) 0 0 0.000

Ventilator treatmenta 15 (39%) 2 (40%) 0 0.17

AIS A 12 (31%) 5 (100%) 4 (67%) 0.037

AIS C 14 (36%) 0 1 (17%)

AIS D 13 (33%) 0 1 (17%)

Abbreviation: AIS, American Spinal Injury Association Impairment Scale.
aVentilator treatment during or throughout the observation period.

Table 2 Comparison of mean variables between C1-C8, T1-T5 and T6-T12 spinal cord injured patients

Level of spinal cord injury SDANN PNN50

(Po0.001) a,b
RMSSD

(P=0.003) a,b
VLFP

(P=0.002) a,c
LFP

(P=0.028) a
HFP

(P=0.042)

Total Power LF/HF-ratio

(P=0.001) a

C1-C8 78.03±37.42 7.37±12.67 26.43±25.75 23.77±7.59 16.09±8.01 12.71±10.56 52.23±12.6 3.03±2.11

T1-T5 90.03±45.19 5.82±8.41 22.47±14.64 28.82±7.17 16.22±7.67 8.75±6.4 53.8±11.29 3.61±1.65

T6-T12 70.27±36.35 3.01±8.18 15.20±16.63 27.44±6.3 20.64±4.77 8.96±7.38 57.04±6.74 4.79±2.7

Abbreviations: HFP, High Frequency Power (n.u.); LF/HF-ratio, ratio between LFP and HFP; LFP, Low Frequency Power (n.u.); PNN50, proportions of successive NN interval changes greater than
50ms divided by the total number of NN intervals; RMSSD, square root of the mean squared differences of successive NN intervals (ms); SDANN, standard deviation of the average normal-to-
normal sinus (ms); VLFP, Very Low-Frequency Power (n.u.).
Values are means ± s.d. Values given are the mean of the values obtained from all five Holter recordings. The possible difference between the three groups is tested with one-way analysis of
variance. Post hoc Bonferroni correction when P-valueo0.05.
aPost hoc Bonferroni correction with significant difference between C1-C8 and T6-T12.
bPost hoc Bonferroni correction with significant difference between T1-T5 and T6-T12.
cPost hoc Bonferroni correction with significant difference between C1-C8 and T1-T5.

Figure 2 Mean values in time domain analysis over time. Mean values of
time domain variables over time calculated from 24 h Holter recordings as
soon as possible after the SCI (Holter 1), after 1 week (Holter 2), 2 weeks
(Holter 2), 3 weeks (Holter 4) and 4 weeks (Holter 5) after the SCI. ms,
milliseconds; n.u., normalised units. *Po0·05.
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the heart originates from T1-T5, the significant rise in SDANN in
T1-T5 SCI patients might be due to a more direct impact on the
cardiac sympathetic preganglionic neurons. The physiological mechan-
ism for the rise of SDANN over time could, in the case of incomplete
lesions, be due to spontaneous functional recovery based on synaptic
plasticity, remodelling of damaged axons or reactivation of depressed
autonomic reflexes, and recovery from the neurogenic shock.10 As
expected, T6-T12 patients with intact sympathetic innervation to the
heart did not show significant changes in SDANN. Patients with one
or more episodes of cardiac arrest did not show a rise in SDANN over
time. Either these episodes may be due to a low sympathetic impact on
the cardiovascular system or they reflect the underlying cause for the
lack of increase in SDANN, which is consistent with findings showing
a diminished HRV after acute myocardial infarction.11

No changes over time were seen in pNN50 and RMSSD. Being
markers of high-frequency oscillations mainly induced through the
intact vagus nerve, no changes were expected.

Frequency domain analysis
Sympathetic influence is found mainly involved in the contribution to
LFP. A study by Inoue et al.12 showed a disappearance of LFP in 9 out
of 15 tetraplegic SCI individuals. Other studies have likewise demon-
strated loss of LFP in SCI patients.2,13,14

Pagani et al.19 showed that chronic, but not acute, β-adrenergic
receptor blockade reduced LFP at rest; thereby suggesting that
sympathetic innervation of the heart is instrumental in the genesis
of the LFP component.
Our study shows that low-frequency oscillations are evident in all

acute SCI patients including patients with C1-T5 and AIS A injuries
where deprivation of sympathetic influence to the heart is expected.
This suggests that parasympathetic mechanisms contribute to the
mediation of LFP, as a functional reorganisation of spinal cord
circuitry affecting sympathetic outflow is more likely to occur in the
chronic phase after SCI.10 Other studies agree that LFP partly

represents parasympathetic activity, suggesting it to be due to
oscillations of the vagal outflow generated by the baroreceptor reflex,
driven by sympathetically induced blood pressure low-frequency
waves.15

When comparing C1-C8, T1-T5 and T6-T12 patients, we found
LFP was lower for C1-T5 lesions in all the recordings. This could be
due to interruption of spinal pathways conveying supraspinal signals,
and thus emphasise that sympathetic activity, either directly or
through alterations in the sympathovagal balance, is important in
the interpretation of LFP.
Patients with T1-T5 and T6-T12 SCI have lower HFP values than

C1-C8 patients suggesting different mechanisms of vagal outflow
depending on whether the injury affects the sympathetic modulation
(C1-C8) or the preganglionic sympathetic efferent fibres directly (T1-
T5). This difference might explain the unexpected but higher mean
values of SDANN in T1-T5 patients were also reported previously.16

All our observations show a lower mean in LF/HF-ratio in the C1-
T5 group compared with the T6-T12 group supporting that dimin-
ished sympathetic activity in these patients result in lower values of
LFP. Likewise, within the C1-T5 group, the mean values in LF/HF-
ratio are generally lower in C1-C8 patients than in T1-T5 patients,
which could reflect a less affected sympathovagal balance in the latter
group. Our results suggest that LFP is partly mediated by sympathetic
fibres, which support the assumption that LF/HF-ratio can serve as a
measure for the sympathovagal balance as HFP is mediated entirely by
vagal control.17–19

Grimm et al.20 conclude that the two divisions of the ANS can
maintain homeostasis in chronic SCI patients even when one
component is compromised. We show that this is not applicable in
the acute phase after SCI, where the LF/HF-ratio is significantly lower
in C1-T5 patients.
Because Total Power reflects all the frequency bands and therefore

all the cyclic components responsible for variability, the overall higher
mean values in T6-T12 patients were expected (Table 2, Figure 3d).

Figure 3 Frequency domain variables over time in relation to level of the SCI. (a) Low Frequency power. (b) High frequency power. (c) Low frequency/High
frequency-ratio. (d) Total Power. Mean values of frequency domain variables over time calculated from 24 h Holter recordings as soon as possible after the
SCI (Holter 1), after 1 week (Holter 2), 2 weeks (Holter 2), 3 weeks (Holter 4) and 4 weeks (Holter 5) after the SCI in relation to level of the SCI.
n.u., normalised units.
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The different outcomes in Total Power and SDANN suggest that
SDANN cannot be interpreted merely as an indicator of overall ANS
activity but rather should be seen as an index of certain sympathetic
components.

Limitations
Although our study includes a larger cohort than most other
comparable studies, it is still a limited number of patients, and the
comparisons between the C1-C8, T1-T5 and T6-T12 SCI groups may
be judged with caution. No AIS B patients were included in the study.
The distribution between AIS groups may vary from study to study,

for example, in a study by Scivoletto et al.,21 only 7% of 284
consecutive, newly injured SCI patients were classified as having AIS
B. In Denmark, patients having a traumatic SCI may initially be
admitted to the nearest hospital, but will afterwards within hours be
transferred to one of the two SCI-units covering East or West
Denmark. Therefore, the day of admission will nearly always be the
day of injury. The exact days after SCI before the patients were
equipped with the Holter monitors varied but were accounted for by
using days after SCI as the independent variable in Mixed Model
Analyses. The use of drugs, that is, sedatives, β-blockers and
antiarrhythmic agents, might have an influence on the HRV. This
was not analysed because these patients were acutely in need of this
treatment and in intensive care units, where the drug administration
may often include many and rapid changes making an evaluation
questionable.
Overall differences in body position throughout the day or

systematic differences in breathing could affect our data. In an effort
to overcome this, we adjusted for potential confounders such as use of
ventilator treatment in our statistical analyses.

CONCLUSION

The present study demonstrated a significant rise in SDANN over time
for C1-T5 SCI patients. This could, in patients with incomplete
lesions, be due to spontaneous functional recovery based on synaptic
plasticity or remodelling of damaged axons.
Only patients not suffering from cardiac arrest experienced a

significant rise in SDANN over time.
Comparison between C1-C8, T1-T5 and T6-T12 SCI patients

suggests that the ANS dysfunction differs between the C1-T5 and
T6-T12 patients and even more remarkable between the C1-C8 and
T1-T5 patients. Within the first 4 weeks after SCI, a sympathovagal
homeostasis has not yet been reached as observed in chronic SCI
patients. HRV could potentially be useful to assess recovery of
autonomic function in individuals with high thoracic and cervical
lesions after acute SCI.
The stratified analyses in this study have limited statistical inference

because of the small sample size, and future studies with frequency
domain analysis in especially incomplete acute SCI patients are
warranted. By comparing larger subgroups of C1-C8, T1-T5 and
T6-T12 SCI patients, further changes in the different frequency
domain parameters are anticipated and could in the long term be
useful as a clinical utility in the diagnosis, prognosis and treatment of
SCI individuals.
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